1. Introduction {#s0005}
===============

Nowadays air pollution has become one of the top health killers all around the world \[[@bb0005],[@bb0010]\]. The main pollutants contain ozone (O~3~), nitrogen dioxide (NO~2~), sulfur dioxide (SO~2~), and particulate matter (PM) \[[@bb0015]\]. PM is reported to induce adverse effects on human health after either short-term or long-term exposure. Short-term exposure generally causes acute inflammatory responses in airways and peripheral blood \[[@bb0020]\], while long-term exposure is positively related to the mortality of cardiovascular disease and lung cancer \[[@bb0025], [@bb0030], [@bb0035]\]. The deposition of PM on the respiratory tract is mainly dependent on particle size \[[@bb0040]\]. It is found that smaller particles result in greater total lung and peripheral lung deposition as well as farther distal airway penetration \[[@bb0045]\]. Generally, particles with diameter larger than 10 μm can enter the nose and mouth. PM~10~ (subscript represents aerodynamic diameter no more than 10 μm) \[[@bb0050]\] can penetrate the trachea and bronchial regions, followed with the deposition at lung bifurcations \[[@bb0055]\]. Among them, particles larger than 8 μm tend to impact in the upper airways \[[@bb0060]\]. PM~2.5~ and PM~0.1~ can enter the non-ciliated alveolar regions, giving rise to deep deposition within the lung \[[@bb0055]\]. Since the particles smaller than 0.5 μm can be easily exhaled after penetrating the lung, PM~2.5~ is considered to be a more serious threat to human health. Particles within this range can be stably deposited on respiratory tracts, easily access to cells, and transfer through blood and lymph circulations. The toxic PM can cause severe symptoms at some sensitive sites, e.g., bone marrow and heart \[[@bb0065]\]. Therefore, PM~2.5~ is most widely employed to study the pathological, physiological and toxicological effects of PM on human health. PM is not only a fast-growing factor associated with early death but also impacts atmospheric conditions \[[@bb0070], [@bb0075], [@bb0080]\], and the accumulation of PM through years leads to climate change \[[@bb0085],[@bb0090]\]. PM pollution is especially severe in developing countries due to economic growth and large populations. The average concentration of PM~2.5~ in China in 2013 is 61 μg/m^3^, while those in Europe and USA are 16 μg/m^3^ and 10 μg/m^3^ \[[@bb0095]\], respectively, nearly all exceeding the World health organization (WHO) guidelines (10 μg/m^3^) \[[@bb0015]\].

It has been proved that upon inhalation of PM into alveoli, the particles initially interact with pulmonary surfactant, which maintains alveolar stability and modulates immune functions, impairing the phase behavior and metabolism of alveoli ([Fig. 1](#f0005){ref-type="fig"} ). Meanwhile, adsorbate such as polycyclic aromatic hydrocarbons (PAHs), As and Pb may penetrate the surfactant to internal circulation and cause chronic and acute toxicities to human beings. Therefore, pulmonary surfactant is where the immediate health hazard occurs after PM enters respiratory tracts. There are many reviews summarizing the formation of PM and the possible hazards that PM brings about to human health \[[@bb0100], [@bb0105], [@bb0110]\], providing systematic introductions of how PM pollution affects the public and nature. Several reviews shed light on the interaction between nanoparticles and pulmonary surfactant \[[@bb0115],[@bb0120]\] as well as the corresponding cellular and immune responses. However, most of the reviews were published nearly 10 years ago with many interaction mechanisms remained unclear. In recent years, several reviews have been published on the topic of particle-lung surfactant interactions \[[@bb0125], [@bb0130], [@bb0135]\]. The authors discussed the interactions of lung surfactant with inhaled nanoparticles or with particles that used in nanomedicine (especially drug delivery). Garcia-Mouton *et al.* emphasized the features of nanoparticles and the mutual effects of nanoparticles and surfactant \[[@bb0125]\]. Hidalgo *et al.* focused on the fate of the nanoparticles utilized as nanocarriers during their interaction with pulmonary surfactant, suggesting the application of surfactant in nanomedicine \[[@bb0130],[@bb0135]\]. These reviews offer not only summaries of particle-surfactant interactions, but also the implications for future nanomedicine.Fig. 1Inhalation of PM into alveoli. The PM interacts with pulmonary surfactant in various ways depending on surface properties (surface charge, hydrophobicity, size, shape, etc.) of the particles. 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC) is used as the representative of lung surfactant. PM may embed into lung surfactant individually or in aggregates, with or without lipid wrapping. The defense mechanism of the surfactant can launch clearance to expel the impinging PM. PM can also penetrate lung surfactant to invade capillaries. The interaction of PM with bilayer vesicles would impede the metabolism of lung surfactant. Meanwhile, lipids may also transfer to the surface of PM to affect the behavior of PM in alveoli. This transfer also sequesters part of lung surfactant.Fig. 1

In this review, summaries of composition and formation of both PM and pulmonary surfactant are first introduced. Then the interactions between various particles and pulmonary surfactants are discussed, followed by toxicological impacts of particles on lung surfactant, lung and other living cells and organisms. This review aims to highlight the recent progress on the *in vitro* research of the biophysical, physicochemical and morphological changes of pulmonary surfactant upon the exposure to PM, with a focus on the underlying intermolecular and interfacial interaction mechanism, correlating the fundamental investigations to surfactant functions and physiological performances of the lung and other tissues and organs. The particles investigated in the literature are mostly synthetic compounds and mixtures, while environmentally derived PM are also studied.

2. Composition and formation of PM {#s0010}
==================================

PM, a mixture of solids, liquids and gaseous matters in the air, commonly contains inorganic components such as sulfates, nitrates, ammoniums \[[@bb0140]\], crustal materials, sea salts \[[@bb0145]\], silicon, elemental carbon \[[@bb0150]\], and organic components such as organic carbon, quinones \[[@bb0155]\], polycyclic aromatic hydrocarbons (PAHs). Though organic compounds like quinones and PAHs are present with low amounts, their disease (e.g., cancer \[[@bb0160],[@bb0165]\] and diabetes \[[@bb0170]\])-inducing effects cannot be neglected. The PM composition is complex and varies with time and locations. Usually, the chemical composition can be analyzed by inductively coupled plasma mass spectrometry \[[@bb0145]\], X-ray fluorescence spectrometry and ion chromatography \[[@bb0075]\]. Study of the composition enables us to figure out the sources and how PM affects public health and meteorological conditions.

There are two major sources of PM: anthropogenic activities and natural sources. Generally, naturally derived PM is from volcanoes, dust storms, living vegetation, etc., while anthropogenic PM is from fuel combustion, industrial and agricultural activities, traffic, etc. These sources lead to the spatial variation of PM composition and mass percent of each component. Mineral materials are the major contributor to PM composition as primary aerosol species, which is formed directly from source as particles ([Fig. 2](#f0010){ref-type="fig"} ). The spatial variation of mineral materials in PM results from different crustal compositions. The PM dust collected in Northern China showed high levels of SiO~2~ and CaO, along with low levels of K~2~O and Na~2~O, while some samples also contained heavy metals such as As and Pb. The main elements present in the dust including Si, Al, Fe and Ca are consistent with local crustal composition \[[@bb0175]\]. The mean concentration of mineral species in PM is usually higher in urban areas than that in other regions due to the influence of agricultural activities and unpaved roads. However, the rural areas in northwest China is an exception, where the low vegetation and forest cover results in a high level of mineral species in PM composition \[[@bb0140]\]. Another primary aerosol species-organic carbon was found of high levels in rural northwest China, urban South Asia, and High Asian Area (higher than 1680m a.s.l), where biomass burning is a determining factor. In contrast, the organic carbon levels in the USA and Europe are much lower \[[@bb0075]\]. The third largest primary aerosol species-elemental carbon is emitted with the highest levels in Asia and Africa \[[@bb0180]\] due to the incomplete combustion of carbonaceous materials \[[@bb0185]\]. NH~4~ ^+^, SO~4~ ^2-^, NO~3~ ^-^ are three major secondary aerosol species that are formed during photochemical reactions in atmosphere. The urban to rural ratios of mass concentration of NH~4~ ^+^, SO~4~ ^2-^ and NO~3~ ^-^ during 2006 and 2007 in China were 2.1, 2.2, and 1.9, respectively \[[@bb0075]\]. A similar trend was also observed in the Midwestern USA \[[@bb0140]\]. The relatively high concentration of SO~4~ ^2-^ in urban areas is due to industrial and residential heating \[[@bb0190]\]. NO~3~ ^-^ and NH~4~ ^+^ also mainly result from fossil fuel combustion \[[@bb0195]\], while the use of fertilizers and biomass burning contribute to NH~4~ ^+^ emission as well \[[@bb0200]\]. SO~4~ ^2-^ was found with the highest emission in China, owing to economic growth and dense population which are in huge need of coal consumptions \[[@bb0075],[@bb0205], [@bb0210], [@bb0215]\]. Unlike in China, the elevated PM~2.5~ concentration in the monitored sites in Iowa was mostly attributed to vehicular emission \[[@bb0140]\].Fig. 2Summary of the composition and sources of PM. OC: organic carbon; EC: elemental carbon.Fig. 2

In addition to crustal composition and anthropogenic activities, terrain and meteorological conditions also play important roles in the discrepancy of PM composition among locations. Air stagnation is a meteorological phenomenon with features such as anti-cyclonic condition, high temperature, no precipitation and weak wind \[[@bb0220]\]. These features would result in the accumulation of PM pollution. High temperature accelerates the volatilization of ammonium nitrate. No precipitation means a lack of the scavenging sink to reduce PM~2.5~. Air stagnation is strongly associated with terrain conditions. For example, the low elevation in eastern China, west coast in the USA and the Mediterranean basin gives rise to more frequent air stagnation, and thus PM pollutions in these areas are more severe than other surrounding regions. High altitude can also lead to air stagnation for peripheral areas where surface wind is blocked \[[@bb0095]\]. In addition to spatial variation, PM pollution exhibits a seasonal variation that can be ascribed to both anthropogenic activities and meteorological conditions \[[@bb0220],[@bb0225]\]. In winters and springs, the air quality in China is always much worse, which is due to the heating that increases the secondary aerosol emission, and more stagnated air condition with a lower planetary boundary layer \[[@bb0085]\].

Along with the advent of nanotechnology, a myriad of nanoparticles have been produced in industry. These intentionally engineered nanoparticles become another source of PM pollution. Specifically, the application of inhaled targeted drug delivery in vaccines, therapeutics and diagnostics has provoked new concerns towards the potential adverse effects on human health \[[@bb0230],[@bb0235]\].

3. Composition and function of pulmonary surfactant {#s0015}
===================================================

Pulmonary surfactant is a mixture of surfactant proteins (SP-A, SP-B, SP-C, and SP-D) and lipids at alveolar air/liquid interface \[[@bb0240],[@bb0245]\]. Pulmonary surfactant is a crucial part in physiological respiration \[[@bb0250]\]. It generally has three key functions: 1. preventing alveoli from collapse during respiratory activity, as it lowers the energy required for the alveoli to inflate by varying surface tension at the air/liquid interface; 2. defending against pathogen by killing them or preventing the dissemination; 3. modulating immune responses \[[@bb0255]\]. The first one is achieved through the film lipids enriched in dipalmitoyl phosphatidylcholine (DPPC). The viral defense and modulation of immune responses are mainly ascribed to the surfactant proteins (SP-A and SP-D).

Pulmonary surfactant contains four major surfactant proteins with critical functions, though their weight percentage (10%) is much lower compared with that of surfactant lipids (90%). Hydrophilic surfactant proteins SP-A and SP-D are Ca^2+^-dependent lectins. Both SP-A and SP-D are involved in host-defense mechanisms and protection against viral infections \[[@bb0260],[@bb0265]\] due to the structural similarities, e.g., C-terminal lectin domains which bind non-host oligosaccharides on viruses and bacteria \[[@bb0255]\]. Other structural characteristics contain NH~2~-terminal domain, collagen-like region, and --COOH-containing carbohydrate recognition domain \[[@bb0270],[@bb0275]\]. In contrast, hydrophobic surfactant proteins SP-B and SP-C are involved in the stabilization and formation of surfactant film. The detailed structural features and functions of the surfactant proteins are presented in [Table 1](#t0005){ref-type="table"} .Table 1Summary of surfactant proteins.Table 1ProteinsStructural featuresExamples of FunctionsSP-A (i) [a](#tf0005){ref-type="table-fn"}Octadecameric glycoprotein, 650 kDa \[[@bb0280]\], acidicFacilitates clearance of pathogens and immune effectors \[[@bb0285]\], inhibits secreted phospholipases A~2~ activity and maintains surfactant integrity during lung injury \[[@bb0290]\]SP-B (o) [a](#tf0005){ref-type="table-fn"}79-amino-acid homodimer with disulfide-linked, 18 kDa \[[@bb0295]\]Enhances adsorption of phospholipids from subphase to interface \[[@bb0300]\]. Increases collapse pressure of fatty acids to avoid "squeeze-out"SP-C (o) [a](#tf0005){ref-type="table-fn"}Nonpolar α-helical protein containing 35 amino acids, 4.2 kDa \[[@bb0305]\]Stabilizes phospholipids \[[@bb0310],[@bb0315]\], increases viscosity of interfacial film \[[@bb0320]\]SP-D (i) [a](#tf0005){ref-type="table-fn"}Glycoprotein, dodecamer of four trimmers, 43 kDa \[[@bb0325]\]Regulates surfactant metabolism \[[@bb0330]\], promotes epithelial cells to uptake pathogenic bacteria \[[@bb0335]\][^1]

Lipids comprise 90% of the mass of pulmonary surfactant. Phospholipids contribute 80%\~90% to the mass of lipids while cholesterol, triglycerides, and fatty acids occupy the remainder. Phosphatidylcholine (PC) is the most abundant phospholipid (80\~85% of phospholipids) in pulmonary surfactant, with disaturated compound dipalmitoyl phosphatidylcholine (DPPC) as the major component of PC. Other phospholipids include phosphatidylglycerol (PG), phosphatidylinositol (PI), phosphatidylethanolamine (PE), and phosphatidylserine (PS). PG is the second abundant phospholipids (7--15% of phospholipids) while PI, PE, and PS occupy less than 5% for each \[[@bb0255],[@bb0340]\]. The structures and functions of some representative lipids are illustrated in [Table 2](#t0010){ref-type="table"} .Table 2Summary of Surfactant LipidsTable 2ComponentsStructuresProperties and Functions1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC)(PC16:0/16:0)![](t1_lrg.gif)Remains as a condensed phase at physiological temperature \[[@bb0345]\]. Generates a near-zero surface tension \[[@bb0350]\].1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (PC16:0/18:1)![](t2_lrg.gif)Melting point -3˚C \[[@bb0355]\]. Makes the membrane fluid at physiological temperature \[[@bb0360]\].1-Palmitoyl-2-palmitoleoyl-sn-glycero-3-phosphocholine (PPPC)(PC16:0/16:1)![](t3_lrg.gif)Related to surface dynamics of surfactant \[[@bb0365]\] and respiratory rate \[[@bb0370]\].1-palmitoyl-2-myristoyl-sn-glycero-3-phosphocholine (PC16:0/14:0)![](t4_lrg.gif)Modulates macrophage that related to alveolar protection \[[@bb0375]\]. Related to respiratory rate \[[@bb0370]\]1,2-dipalmitoyl- sn-glycero-3-phosphoglycerol (DPPG)![](t5_lrg.gif)Reduces permeability of benzo\[a\]pyrene \[[@bb0380]\]1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG)![](t6_lrg.gif)The most prevalent PG in human surfactant. Inhibits macrophage proinflammatory and TLR2-dependent inflammatory responses \[[@bb0385]\], has an antivirus function \[[@bb0390]\], makes the film more fluidized \[[@bb0395]\].Phosphatidylserine (PS)[a](#tf2005){ref-type="table-fn"}e.g. ![](t7_lrg.gif)Determines the cellular and subcellular distribution of quinidine \[[@bb0400]\]. Regulates the activities of several enzymes in cell signaling \[[@bb0405]\]Phosphatidylethanolamine (PE)^a^e.g. ![](t8_lrg.gif)Causes lateral pressure and introduces curvature stress to stabilize membrane proteins \[[@bb0410],[@bb0415]\]Phosphatidylinositol (PI)^a^e.g. ![](t9_lrg.gif)Increases the rate of alveolar fluid clearance \[[@bb0420]\]. Involved in the stabilization of surfactant monolayer \[[@bb0405]\]Cholesterol![](t10_lrg.gif)Increases the fluidity of surfactant \[[@bb0425]\][^2]

Surfactant proteins play important roles in film stabilization and viral defense, while surfactant lipids are ultimately responsible for surface tension change during respiration \[[@bb0345]\]. DPPC, the major component that occupies 30--45% of pulmonary surfactant \[[@bb0430]\], is a zwitterionic molecule that contains two hydrocarbon tails and a polar head. The gel-to-liquid crystal melting transition of DPPC occurs at 41°C, which makes DPPC a condensed phase at physiological temperature \[[@bb0345]\]. The condensed phase of DPPC endows it an ability to reduce surface tension to near zero at the end of exhalation. This property results from the highly packed alignment of DPPC molecules at air/liquid interface \[[@bb0240],[@bb0435]\]. When alveolus is inflated or deflated, the surface pressure difference required (ΔP) is proportional to surface tension (γ) divided by the radius of the alveolus (R), which can be described by Laplace equation [(1)](#fo0005){ref-type="disp-formula"}.$$\mathrm{\Delta}P = 2\gamma/R$$

If the surface tension of alveolus remains high during exhalation, the pressure difference would increase with decreasing radius, making the pressure in the smaller alveolus higher than that in the larger alveolus. Because of the interconnected structure of alveoli, the smaller ones would collapse to larger ones \[[@bb0440],[@bb0445]\]. The presence of DPPC in lung surfactant can effectively solve this problem by reducing the surface tension.

The pulmonary surfactant can stabilize the alveoli during respiration via two processes. First, after the secretion of bilayer vesicles in alveolar subphase, lipids, proteins, and other components are adsorbed quickly onto the air/water interface to form an interfacial film. During the adsorption process, SP-B and SP-C lower the energy barrier for this energetically-unfavorable transfer and stabilize the intermediates involved, ensuring this process is fast enough on the scale of seconds \[[@bb0450]\]. Second, when the surfactant film is compressed by the shrink of alveolus and the surface pressure is elevated, the film would stay at the interface to reduce the surface tension to minimize the volume change of alveoli. Until the maximum surface pressure (Π~e~) is reached, the film transits from a two-dimensional structure to a three-dimensional structure and the collapse of film occurs \[[@bb0345]\]. The alveolar collapse would be avoided in lung due to the surfactant. When the film containing disaturated phospholipids (e.g., DPPC) and unsaturated lipids (e.g., POPC and POPG) is transferred to the air/liquid interface and compressed, liquid condensed (LC) domains with ordered packing and quasi-crystalline organization are formed and floating in a much more disordered phase called liquid expanded (LE) phase. If cholesterol is present in the film, it would modulate the organization and dynamics of the phases, converting the LC/LE coexistence to liquid ordered/liquid disordered coexistence \[[@bb0450]\]. A classical model indicated that the interfacial film only contains a rigid condensed phase during compression, which implies the retainment of DPPC in the film and "squeezed out" of all other components, especially fluid lipids, to the subphase to promote low surface tension \[[@bb0455]\]. The "squeezed out" part remains underneath as a reservoir for the expansion. The reservoirs underneath are multilayered and multilamellar structures interconnected with the interfacial monolayer film by surfactant proteins, which facilitates the fast diffusion of surface active species to the interface upon expansion \[[@bb0460]\]. However, many pieces of evidence proved that the film under compression is not that condensed, suggesting a coexistence of LC, LE and collapsed phases \[[@bb0465],[@bb0470]\]. An observation further revealed that the concentration of DPPC at the interfacial film was reduced during compression, which implies that in addition to fluidizing lipids, some DPPC may also be squeezed out \[[@bb0475]\]. The synergistic effect of surfactant proteins and lipids keeps the alveolar lining in a metastable status, preventing lung collapse during respiration.

4. Interactions of particulate matter and pulmonary surfactant {#s0020}
==============================================================

A variety of nanoparticles, such as simple metal oxides \[[@bb0480], [@bb0485], [@bb0490], [@bb0495], [@bb0500]\], non-metal oxides \[[@bb0505],[@bb0510]\], polymer-coated and polymer nanoparticles \[[@bb0515], [@bb0520], [@bb0525]\], metal nanoparticles \[[@bb0530], [@bb0535], [@bb0540]\], carbon nanomaterials \[[@bb0500],[@bb0545]\], and other compounds containing carcinogenic matters \[[@bb0550], [@bb0555], [@bb0560], [@bb0565]\], have been investigated in the studies of particle-surfactant interactions. A few studies on environmental PM dust exposure have also been conducted \[[@bb0550],[@bb0570],[@bb0575]\], but they are still in the very early stage compared to those using engineered nanoparticles. One challenge is the variety of composition, size, and other biological and physical properties of PM~2.5~ due to geographic locations and seasons. This variety also contributes to the high heterogeneity and complicity of the particles, which creates difficulties in identifying and characterizing the effect of each component. Many engineered nanoparticles such as silica and aluminum oxide are also present in PM dust, therefore in many studies, engineered nanoparticles are used as substitutes of environmental PM to provide implications for air pollution.

DPPC is a commonly used surfactant model because of its dominating proportion in natural pulmonary surfactant and the convenience of preparation and characterization. Some natural lung surfactants derived from mammals are also used in the light of physiological relevance. These natural surfactants are comprised of not only DPPC but also surfactant proteins and other lipids that may exist in human lungs. In most studies, surfactant molecules are dispersed as monolayers or bilayers to explore the interaction with particles. Langmuir monolayer has been widely utilized because it is an essential surfactant model of biological relevance \[[@bb0580],[@bb0585]\]. The studies of bilayer and multilayer structures which are more physiological relevant have also been conducted using newer characterization methods.

PM adheres to pulmonary surfactant by various types of interactions, such as electrostatic forces, hydrophobic interactions, van der Waals forces, etc. Among them, electrostatic forces and hydrophobic interaction primarily depend on the surface charge and surface hydrophobicity of PM, respectively, while van der Waals force is ubiquitously distance-dependent which arises from the inherent movement of electrons. The interaction potential (energy), w(r), and force, F(r) of van der Waals interaction between two atoms or small molecules can be obtained as follows:$$w\left( r \right) = - C_{\mathit{vdW}}/r^{6}$$ $$F\left( r \right) = - 6C_{\mathit{vdW}}/r^{7}$$

Here, r is the interatomic distance, C~vdW~ is the interaction constant which is given by$$\begin{array}{l}
{C_{\mathit{vdW}} = - \left\lbrack {\frac{\mu_{1}^{2}\mu_{2}^{2}}{3\left( {4\pi\varepsilon_{0}\varepsilon} \right)^{2}k_{B}T} + \frac{\mu_{1}^{2}\alpha_{2} + \mu_{2}^{2}\alpha_{1}}{\left( {4\pi\varepsilon_{0}\varepsilon} \right)^{2}}} \right\rbrack_{v = 0}} \\
{+ \left\lbrack {\frac{3\alpha_{2}\alpha_{1}}{2\left( {4\pi\varepsilon_{0}\varepsilon} \right)^{2}}\frac{hv_{1}v_{2}}{v_{1} + v_{2}}} \right\rbrack_{v > 0}} \\
\end{array}$$where μ~1~and μ~2~ are the dipole moments, α~1~ and α~2~ are the electronic polarizabilities, ε~0~ is the vacuum permittivity, ε is the relative dielectric constant of the surrounding medium, k~B~ is the Boltzmann constant, T is the temperature, v~1~ and v~2~ are ionization frequencies, h is the Plank constant \[[@bb0590]\]. Equations [(2)](#fo0010){ref-type="disp-formula"}, [(3)](#fo0015){ref-type="disp-formula"} express the van der Waals interactions at the atomic level, which can be applied to the interactions between the component molecules of PM and lung surfactant molecules. Equations [(5)](#fo0025){ref-type="disp-formula"}, [(6)](#fo0030){ref-type="disp-formula"}, [(7)](#fo0035){ref-type="disp-formula"}, [(8)](#fo0040){ref-type="disp-formula"} supplement the theories of van der Waals interactions at larger scales, e.g., surface level, for cases surfactant films interacting with component molecules of PM (Eq. [5](#fo0025){ref-type="disp-formula"}, [6](#fo0030){ref-type="disp-formula"}) or with the whole PM particles (Eq.[7](#fo0035){ref-type="disp-formula"}, [8](#fo0040){ref-type="disp-formula"})$$w\left( d \right) = - \frac{\mathit{\pi C\rho}}{6d^{3}}$$ $$F\left( d \right) = - \frac{3\mathit{\pi C\rho}}{6d^{4}}$$ $$w\left( d \right) = - \frac{\mathit{AR}}{6d}$$ $$F\left( d \right) = - \frac{\mathit{AR}}{6d^{2}}$$where d is the distance between the interacting objects, C is the interaction constant that is decided by the molecule's property, ρ is the number density of molecules of the surface material, A is the Hamaker constant \[[@bb0595]\], R is the radius of the sphere. Equations [(5)](#fo0025){ref-type="disp-formula"}, [(6)](#fo0030){ref-type="disp-formula"} illustrate the van der Waals interaction energy w(d) and the force F(d) between atoms and surfaces, while equations [(7)](#fo0035){ref-type="disp-formula"}, [(8)](#fo0040){ref-type="disp-formula"} describe that of sphere-flat surface systems. Equations [(2)](#fo0010){ref-type="disp-formula"}, [(3)](#fo0015){ref-type="disp-formula"}, [(4)](#fo0020){ref-type="disp-formula"}, [(5)](#fo0025){ref-type="disp-formula"}, [(6)](#fo0030){ref-type="disp-formula"}, [(7)](#fo0035){ref-type="disp-formula"}, [(8)](#fo0040){ref-type="disp-formula"} are applied to the circumstances where the interaction range and separation are much smaller than the radii of the interacting objects. It is obvious that van der Waals force is greatly dependent on the distance between the surfactant and PM. Equations [(2)](#fo0010){ref-type="disp-formula"}, [(3)](#fo0015){ref-type="disp-formula"}, [(4)](#fo0020){ref-type="disp-formula"}, [(5)](#fo0025){ref-type="disp-formula"}, [(6)](#fo0030){ref-type="disp-formula"}, [(7)](#fo0035){ref-type="disp-formula"}, [(8)](#fo0040){ref-type="disp-formula"} can be used to estimate the interactions for neutral PM-surfactant systems, or to evaluate the van der Waals force for charged PM-surfactant systems where van der Waals force contributes to the net interfacial interaction.

PM impacts pulmonary surfactant in many aspects, including phase behavior, stability, compositions, morphology, etc. Particles may be retained in surfactant forming aggregate domains, or surfactant may be adsorbed to the surface of particles, thus the concentration, elasticity, lateral diffusional property, compressibility, and adsorption behavior of the surfactant are changed, which directly affects the biophysiological properties of surfactant. Particles may also penetrate through surfactant linings to induce inflammation, oxidative stress, or other cytotoxicity and genotoxicity to surfactant and epithelial cells, which is considered an indirect effect on alveolar lining. The transport of particles in monolayers is determined by the Brownian motion and the drag force exerted on the particles from the film. The mean-squared displacement of Brownian motion is$$\left\langle \left\langle x^{2} \right\rangle \right) = 6\mathit{Dt}\ \mathit{or}\ 4\mathit{Dt}\ $$where 4Dt is for the particles that are attached to the film to undergo two-dimensional lateral movement. D is the diffusion coefficient and t is the lag time \[[@bb0600]\]. The viscosity of the surfactant film influences the diffusion according to Stokes-Einstein equation$$D = k_{B}T/6\mathit{\pi\eta R}$$where k~B~ is the Boltzmann\'s constant, T is the temperature, η is the viscosity of the film, R is the radius of particle. Because of the high viscosity of the surfactant, additional drag force causes a decrease in diffusion coefficient. Drag coefficient ζ is expressed in equation [(11)](#fo0055){ref-type="disp-formula"} $$\zeta = k_{B}T/D$$where k~B~ is the Boltzmann\'s constant, T is the temperature, D is the diffusion coefficient. For larger particles (i.e., particles with diameter larger than 200 nm), the drag exerted due to the high viscosity of the surfactant is added to the Einstein-Stokes model, leading to Danov−Aust−Durst−Lange (DADL) model \[[@bb0605],[@bb0610]\] where the diffusion coefficients are given by$$D = \frac{k_{B}T}{6\mathit{\pi\eta R} + \sigma R^{0.1}}$$ $$\sigma = 8\mathit{\pi\eta}\left( {0.22\left( \frac{2\eta}{\eta_{m}} \right)^{- 0.9}} \right)$$where η~m~ is the two-dimensional viscosity. Equations [(9)](#fo0045){ref-type="disp-formula"}, [(10)](#fo0050){ref-type="disp-formula"}, [(11)](#fo0055){ref-type="disp-formula"}, [(12)](#fo0060){ref-type="disp-formula"}, [(13)](#fo0065){ref-type="disp-formula"} prove that the translocation of PM within the surfactant is affected by the viscosity of the surfactant and temperature.

4.1. Instrument, methodologies and characterization {#s0025}
---------------------------------------------------

### 4.1.1. Langmuir-blodgett trough and surface pressure -- area isotherm {#s0030}

The instrument that is prevalently utilized in the research of interactions between pulmonary surfactant monolayers and nanoparticles is Langmuir-Blodgett trough (LB trough) ([Fig. 3](#f0015){ref-type="fig"}A). The trough can be used to prepare thin molecular films at air/liquid interface. The back and forth of two opposite barriers change the surface area of the film through compression and expansion, which simulates the status of pulmonary surfactant during respiration \[[@bb0615]\]. During the expansion and compression, surface tension of the film is continuously measured with a Wilhelmy plate (balance), and a plot of molecular area versus surface pressure is then generated. This surface pressure - area (Π - A) isotherm clearly depicts the phase behavior of the interfacial film. Technically, LB trough is applicable to amphiphilic molecules that can form stable Langmuir films on air/liquid interface. Besides a tool for interfacial property study, LB trough can also be used to fabricate highly organized multilayer structures. Langmuir films can be transferred to a substrate by either Langmuir-Blodgett (LB) technique that utilizes vertical lifting ([Fig. 3](#f0015){ref-type="fig"}B), or Langmuir-Schaefer (LS) technique with horizontal lifting ([Fig. 3](#f0015){ref-type="fig"}C). Multiple layers can be obtained with LB technique by repeating dipping and lifting cycles \[[@bb0620]\]. LB technique always leads to low surface coverage for non-amphiphilic molecules because of aggregation. LS technique gives rise to a uniform film of high quality on substrate \[[@bb0625]\], though a multilayer film cannot be obtained.Fig. 3(A) Schematic of Langmuir-Blodget trough with Wilhelmy balance. 1: air/liquid interface covered by molecular film, 2: movable barriers that can proceed to expand and extrude the film, 3: pressure sensor with Wilhelmy plate. A surface pressure- molecular area (Π -- A) isotherm can be obtained with the read-out of Wilhemy plate and barriers (B) Schematic of Langmuir--Blodgett technique (vertical deposition). (C) Schematic of Langmuir--Schaefer technique (horizontal deposition)Fig. 3

There are several different methods to expose lung surfactants to PM. One is to mix the surfactant solution with particles and then inject the mixture onto the interface by microsyringe \[[@bb0505],[@bb0515],[@bb0540],[@bb0560],[@bb0630]\]. This conventional method enables an easier control over the feed ratio, and a sufficient exposure of surfactant to particles can also be achieved. Nevertheless, the observation of the adsorption behavior of particles to surfactant is ruled out since the mixing results in some adsorption before measurement. The manual mixing disqualifies this exposure method to simulate the natural inhalation process. Another method is dispersing particles in a subphase and a lipid solution is spread on the interface either after \[[@bb0480],[@bb0490],[@bb0545],[@bb0635], [@bb0640], [@bb0645]\] or before particle dispersion \[[@bb0495]\], as in the latter situation the particle solution is injected through the lipid film to the subphase. This method is adequate to study adsorption behavior but requires a large number of particles, and the diffusion of colloidal particles in subphase would greatly affect the adsorption process. Besides the above mentioned strategies, it is also possible to deposit surfactant to air/water interface, and then colloidal particles are spread on the interface from air side \[[@bb0550],[@bb0650]\]. This process is more similar to the natural exposure process of lung lining to PM than the previous ones. A dry powder insufflator has been used to generate and apply particle aerosols to surfactant, which mimics how lung surfactant is actually exposed to PM. In the study conducted by Farnoud *et al*. \[[@bb0655]\], aerosols were applied to surfactant during the whole compression process instead of solely at 0 mN/m. This operation implies the importance of particle deposition on compressed films in the study of particle-surfactant interaction.

The phase behavior of the surfactant films on air/liquid interface can be evaluated based on isotherms of molecular surface area versus surface pressure. An isotherm example of pure deuterated DPPC-d~62~ shows obvious LE-LC transition and coexistence ([Fig. 4](#f0020){ref-type="fig"}A). The transition plateau of gas to LE indicates that DPPC starts to be compressed to a two-dimensional liquid. With further compression from LE to LC, DPPC transits from a liquid to a two-dimensional packed semicrystalline phase. In the LC phase, the tails of DPPC molecules are aligned and pointing out to the air, while water molecules are squeezed out, leading to a dehydrated, poor re-spreading DPPC film with poor adsorption ability \[[@bb0660]\]. Finally, DPPC collapses at maximum surface pressure (*π* ~e~). In contrast, the LE-LC coexistence plateau is not shown for natural surfactant due to the multicomponent. For example, in [Fig. 4](#f0020){ref-type="fig"}B, the transition of LE to LC-LE coexistence exhibits as a change in the slope around 15 mN/m.Fig. 4(A) Surface pressure versus surface molecular area (Π -- A) isotherm of deuterated DPPC-d~62~, LC: liquid condensed, LE: liquid expanded, LE-LC: coexistence of LE and LC phases, G: gas phase, G-LE: coexistence of gas and LE phases. Temperature: 24°C. Subphase: pure water. \[[@bb0660]\]. (B) Π - A Isotherm of pure lung surfactant over five compression and expansion cycles. This isotherm is presented in terms of the trough area. The solid arrows indicate the progression from the first cycle to the fifth. The dashed arrows show the directions of compression and expansion. Only "squeeze-out" plateaus around 42 mN/m representing transition from monolayer to multilayer are observed during compression. The change in slope can tell the phase transition. The expansion curves exhibit elastic stretching around 37 mN/m. \[[@bb0650]\].Fig. 4

LB trough can also be used to monitor the surface pressure change of lung surfactant during dynamic compression-expansion cycles, giving rise to a better understanding of its surface activity under breathing conditions. [Fig. 4](#f0020){ref-type="fig"}B shows typical surface pressure change of Survanta during compression-expansion cycles which can mimic the expiration-inspiration process. Following the collapse during compression, the film was immediately returned to the fully expanded area, with an elastic stretch occurring at the drastic decrease of surface pressure. This stretch was due to the recovery of the film from folds and collapse. During compression, the flat around 42 mN/m is a "squeeze out" plateau, where the unsaturated lipids that cannot stand high pressure are squeezed out to the subphase as a reservoir. Saturated lipids and fatty acids are left to form a condensed phase. Upon expansion, part of the reservoir is re-adsorbed to the interfacial film while the rest materials are permanently lost. This phenomenon is exhibited as a hysteresis loop between the compression and expansion curves ([Fig. 4](#f0020){ref-type="fig"}B) \[[@bb0665],[@bb0670]\]. The hysteresis area can be used to indicate the stability and respreadability of the surfactant film, where a larger loop represents a higher degree of inhibition caused on the surfactant. Due to the expelling of partial surfactant at the end of the first collapse, the second compression curve significantly shift to a smaller surface area compared with the initial one. Similar shifts also occur for the following consecutive cycles.

The surface pressure of the monolayers is affected by temperature, molecular area, the numbers of ions, etc. Because of different contributions of LE and LC phases to surface pressure, there are two separate Eq. [(14)](#fo0070){ref-type="disp-formula"} and [(15)](#fo0075){ref-type="disp-formula"} which are in a good agreement with experimental Π-A curves \[[@bb0675]\]:$$\Pi = \frac{\mathit{mkT}}{A_{0} - \omega} - \Pi_{\mathit{coh}}$$ $$\Pi = \frac{\mathit{mkT\alpha\beta}}{A_{0} - \omega\left\lbrack \left. 1 + \theta\left( {\mathit{\alpha\beta} - 1} \right) \right\rbrack \right)} - \Pi_{\mathit{coh}}$$

Eq. [(14)](#fo0070){ref-type="disp-formula"} is for LE state and Eq. [(15)](#fo0075){ref-type="disp-formula"} is for the coexistence state of LE and LC. In these two equations, m is the number of kinetically independent units per monolayer molecule, k is the Boltzmann's constant, T is the temperature, A~0~ is the actual area required for each lipid molecule, ω is the particle molecular area, Π~coh~ is the cohesion pressure that accounts for the intermolecular interaction, θ is a coefficient related to the area per mole of monomer in a cluster, α and β are expressed as follows:$$\alpha = \frac{A_{0}}{A_{c}}\exp\left\lbrack {- \theta\frac{\Pi - \Pi_{c}}{\mathit{kT}}\omega} \right\rbrack$$ $$\beta = 1 + \frac{\omega\left( {1 - \theta} \right)\left( {\alpha - 1} \right)}{A_{0}}$$where A~c~ is the molecular area that corresponds to the area at the onset of transition, Π~c~ is the surface pressure of the transition commencement \[[@bb0675],[@bb0680]\]. It is noted that the predictions in Eq. [(14)](#fo0070){ref-type="disp-formula"}, [(15)](#fo0075){ref-type="disp-formula"} are unrestrictedly convincing only within low-pressure range.

Besides phase transition behavior, compressibility, elasticity, viscosity, etc. can also be derived from Π-A isotherms. The compressibility C~s~ is expressed as equation [(18)](#fo0090){ref-type="disp-formula"} $$\mathit{Cs} = - \frac{1}{A}\left( \frac{\partial A}{\partial\pi} \right)$$where A is the molecular area and Π is the surface pressure. Elasticity is the reciprocal of compressibility. The higher compressibility (lower elasticity) represents a more diluted monolayer with weak intermolecular interaction. Low compressibility is beneficial for surfactant function because it enables surfactant films to reach zero surface tension rapidly with a small change of surface area.

In addition to LB trough, pulsating bubble surfactometer \[[@bb0685]\], captive bubble tensiometer \[[@bb0690]\] have also been used to measure the surface activity of lung surfactant.

### 4.1.2. Atomic force microscopy and domain images {#s0035}

The morphological properties of pulmonary surfactant are studied by atomic force microscopy (AFM) \[[@bb0695]\] after a Langmuir film is transferred onto a substrate or by Brewster angle microscopy (BAM) directly on air/liquid interface. In AFM images, pure DPPC exhibits regular patterns where the dark LE phase is distinguished from the bright LC phase ([Fig. 5](#f0025){ref-type="fig"} ). The shapes and sizes of the domains change with the extent of compression. The shapes are determined by two competing forces: one is the long-range dipole-dipole repulsion which leads to an elongated domain, and the other is the boundary tension (γ) that forces a domain to exhibit a circular shape to minimize the tension \[[@bb0700]\]. The optimal diameter of LC domain is determined by equation [(19)](#fo0095){ref-type="disp-formula"} $$D_{0} = \frac{e^{3}\delta}{2}\exp\left\lbrack \frac{4\mathit{\pi\varepsilon}\varepsilon_{0}\gamma}{\left( {\mathrm{\Delta}m} \right)^{2}} \right\rbrack$$where e is the natural constant, δ is the molecular dipole distance, ε is the dielectric constant of water, ε~0~ is the dielectric constant of vacuum, Δm is the dipole density difference between phases \[[@bb0705], [@bb0710], [@bb0715], [@bb0720]\]. The disconnected LC domains move by Brownian motion, repelled by each other and the LE domains to avoid coalescing. The previous studies showed that the introduction of particles to the surfactant leads to changes in domain shape and size. For example, alkylated Au nanoparticles (NPs) disrupt the network of microdomains and cause pinhole defects in both LE and LC domains ([Fig. 5](#f0025){ref-type="fig"}).Fig. 5AFM images of mica-supported pure DPPC monolayer (A) and 99.8 mol% DPPC + 0.2 mol% hexadecanethiolate-capped Au NPs (C~16~SAu NPs) (B) at 3mN/m. These monolayers were obtained by Langmuir-Schaefer (LS) deposition technique. Light color represents larger height levels while dark color represents low height levels. The height profiles under the images exhibit different phases displayed in the monolayers. The arrows in the height profiles correspond to those in the insets. In pure DPPC monolayer, large circular LC domain with LE-lipid-filled hole defects (top left in A), small micro LC domains (inset in A) and continuous LE phase are present. In NP-containing monolayer, in addition to LE and LC domains, there are also pinhole defects (darkest color) in both domains (insets in B) and stringe-like C~16~SAu NPs aggregates (lightest color). The sizes of the main images are 30 μm × 30 μm and those of the insets are 5 μm × 5 μm. \[[@bb0540]\]Fig. 5

The fractions of LC and LE domains determine the viscosity of lung surfactant, thus the translocation of particles in the surfactant is affected. The overall viscosity of the film (η~s~) is denoted in equation [(20)](#fo0100){ref-type="disp-formula"} $$\eta_{s}/\eta_{\mathit{so}} = \left( {1 - A/\mathit{Ac}} \right)^{- 1}$$where η~so~ is the shear viscosity of the continuous LE phase, A is the area fraction of LC and Ac is the critical LC fraction where the LC domains start to merge and the viscosity diverges \[[@bb0725]\]. As a result, the translocation of particles within lung surfactant is greatly influenced by the compression extent of the film \[[@bb0730]\]. In addition to AFM, other instrument such as fluorescence microscope \[[@bb0735]\] can also be used to study the morphological change of lung surfactant when interacting with PM.

### 4.1.3. Surface Forces Apparatus (SFA) {#s0040}

Surface forces apparatus (SFA) is similar in some ways to AFM that generally measures the force between a sharp tip and a surface, which detects the force between two curved surfaces. In these techniques, both the tip and the surfaces can be functionalized with desired molecules \[[@bb0740]\]. SFA has a unique feature of measuring the interaction forces as a function of the absolute separation between two surfaces, which is especially useful for soft materials \[[@bb0745],[@bb0750]\]. The interfacial force is measured based on the Hooke\'s Law by detecting the deflection of the double cantilever spring \[[@bb0755]\], while the surface separation distance is monitored in real time using an optical technique called multiple beam interferometry \[[@bb0760]\]. Lung surfactant lipids can be deposited onto substrate surfaces (e.g., mica) as monolayers, bilayers or multilayers by LB trough and then be applied for force measurements in aqueous media using SFA. The surface force measurements can provide useful information regarding the particle-lipids systems. Moreover, the measurement of interfacial forces within surfactant lipids monolayers and bilayer systems can offer important information and interactive monitoring of the membrane fusion during PM-deposition.

SFA have been widely applied for quantifying a variety of forces in both biological \[[@bb0740]\] and non-biological systems \[[@bb0765]\], such as van der Waals forces, electrical double forces, hydrophobic interaction \[[@bb0770]\] and solvation forces (e.g., hydration interaction). The interfacial forces between different surfactant components have been directly quantified using an SFA \[[@bb0775]\]. In this study, the stability of the bilayers during surface interaction was evaluated by detecting the occurrence of hemifusion using SFA. Lee *et al.* \[[@bb0780]\] obtained real-time images of domain reorganization and force-distance profiles of lipid bilayers during membrane hemifusion using a fluorescence SFA. They demonstrated that the domains tend to rearrange in order to decrease the energy barrier and increase the fusion rate in the membranes. This technique correlates fluorescence imaging with force measurements, which is applicable to monitor dynamic rearrangement and adsorption processes in lung surfactant monolayers and bilayers.

### 4.1.4. X-Ray scattering and Other Techniques {#s0045}

The structural information of lung surfactant at air/water interface can be obtained with several techniques, such as x-ray scattering, neutron reflectivity and sum frequency spectroscopy. X-ray scattering is a family of sensitive and nondestructive analytical techniques to characterize the chemical composition, crystal structures and physical properties of thin films and other materials. These techniques can be used to investigate biological membranes directly and *in situ* at the air/water interface under near physiological conditions \[[@bb0785]\]. The techniques of x-ray scattering include x-ray reflectivity (XR), grazing incidence X-ray diffraction (GIXD), x-ray diffraction, etc. In XR, x-rays are reflected from a flat surface and measured. XR is useful to measure layer thickness of thin films and multilayers, surface density gradients and layer density, and surface roughness. This technique can easily distinguish monolayer from bilayers or multilayers \[[@bb0790]\] due to the reflectometry pattern produced from the interference of the reflected beams from each interface. Usually, a surface normal electron density profile is acquired in XR. The in-depth structural change of surfactant monolayer can be revealed from the visible interference fringes and distinct features in XR curves \[[@bb0795]\]. In addition to the outer part of monolayer structures, XR is also very sensitive to layered lung surfactant due to the presence of ionic lipids with high density of electrons in the headgroups \[[@bb0790]\]. GIXD provides information about atomic order, crystallinity and molecular orientation of surface and layers. GIXD is generally used in combination with XR, which gives a more comprehensive picture of three-dimensional distribution of lung surfactant \[[@bb0635],[@bb0800]\].

Neutron reflectivity is similar to x-ray reflectivity, where a beam of neutrons is shined onto a flat surface and then reflected and measured. The magnitude of neutrons irradiation can be very high, for example, for hydrogen and deuterium, which leads to high contrast in the measurement. Neutron reflectometry has been widely used to observe the structures of bilayers attaching to monolayers or more bilayers at the air/water interface \[[@bb0805]\]. The multilayers of bovine- and porcine-derived pulmonary surfactant at the air/water interface were investigated by neutron reflection, showing a disordered lateral surface with lipid/protein bilayers alternating with aqueous layers \[[@bb0810]\]. The repetition period and correlation depths were also measured to be 70 Å and 3 to \> 25 bilayers, respectively.

Sum frequency generation vibrational (SFG) spectroscopy is a second-order nonlinear optical technique. This coherent vibrational spectroscopy possesses selectivity of infrared and Raman spectroscopies together with surface sensitivity. It is a potent tool to study the structure and orientation of different biomolecules such as lipids since the vibrational spectra detected are determined by fundamental molecular structure. For example, in the investigation of the interaction between DPPG bilayers and melittin, the C-H and C-D stretching signals were measured from isotopically symmetric and asymmetric DPPG bilayers, providing real-time information of the structural perturbation, such as water alignment and adsorption kinetics, on the bilayers \[[@bb0815]\].

4.2. Studies of PM with different surfactant systems {#s0050}
----------------------------------------------------

DPPC is the most common lipid in biological membranes (e.g., pulmonary alveoli lining) and DPPC monolayer has already been well-characterized by many researchers \[[@bb0820]\]. Therefore, DPPC monolayer is widely used as a simple model of lung surfactant in particle-surfactant studies. In addition, investigations on DPPC monolayer can lay the foundation for studies on other complex biological membrane systems. Hao *et al*. \[[@bb0495]\] measured the adsorption behavior of Fe~3~O~4~ to DPPC monolayers. With the introduction of Fe~3~O~4~, the isotherm of DPPC shifted to larger surface areas and the extent became larger with increasing concentration of nanoparticles. This observation implies that the nanoparticles were adsorbed into the monolayer. Generally, the isotherm shifts observed in most studies are similar because the nanoparticles investigated are always much larger than DPPC or other lipid molecules. The isotherms shift to larger molecular areas to account for the areas occupied by the introduced particles \[[@bb0825]\]. The AFM images of DPPC with Fe~3~O~4~ showed that the nanoparticles formed granule domains on the monolayer, reducing the elasticity of the monolayer. This interaction was considered as the electrostatic attraction between the negatively charged phosphate and positively charged Fe~3~O~4~ particles.

Clinical lung surfactant has been used to compare with pure DPPC monolayer. Infasurf is a clinical lung surfactant extracted from calf lung fluid. The composition is more complex and closer to human lung surfactant than pure DPPC. In the research conducted by Farnoud *et al*. \[[@bb0655]\], the Π-A isotherms of DPPC and Infasurf monolayers only showed slight changes upon the deposition of carboxylated modified polystyrene nanoparticles. Nevertheless, the maximum surface pressure of the DPPC monolayer kept decreasing with every compression and expansion cycle, due to the loss of DPPC from the air/water interface at the end of each cycle. Upon collapse, nucleation occurs at the phase boundary due to the curvature because the film cannot be compressed further without destabilization. The decrease in the energetic barrier for nucleation leads to the formation of bilayer folds and other two-to-three-dimensional transformation, especially when there are plenty of nuclei \[[@bb0830],[@bb0835]\]. The presence of the carboxylated modified polystyrene could provide nucleation sites and reduce the pressure required for collapse, facilitating the collapse of the film during compression \[[@bb0840]\]. This inhibitory effect was diminished on Infasurf, and the phase behavior was restored after five cycles. This result suggests that *in vivo*, the particles investigated may not inhibit the function of lung surfactant. Moreover, the reduction of the maximum surface pressure of Infasurf was less than that of DPPC, indicating that less Infasurf was squeezed out, or the replenishment of Infasurf was faster than pure DPPC \[[@bb0655]\]. This phenomenon is consistent with the functions of the SP-B and SP-C present in Infasurf. Other commercial pulmonary surfactants such as Survanta \[[@bb0540],[@bb0650],[@bb0845]\], Curosurf \[[@bb0490],[@bb0505],[@bb0520]\] are also used to test how exogenous PM affects their phase behavior and morphology. Survanta is a natural bovine lung extract that contains a large fraction of fatty acids and triglycerides (10%\~20% with respect to DPPC by weight) but does not contain SP-A \[[@bb0665]\]. Curosurf is extracted from porcine lung surfactant, and 99% of the contents are lipids, with 1% SP-B and SP-C. The investigation of pure DPPC and Survanta conducted with alkylated Au NPs indicates that the domain formation in both systems was affected by the presence of NPs. In DPPC, the LE phase formation was promoted while the LC phase formation was hindered \[[@bb0540]\]. In Survanta, the SP-B and SP-C induced the formation of many small condensed domains \[[@bb0850]\]. The alkylated Au NPs accumulated in the LE phase in Survanta and merged into the hydrophobic proteins \[[@bb0540]\]. The presence of surfactant proteins also results in a higher foaming ability, which is an essential property for the surfactant to maintain interfacial property \[[@bb0555]\]. The foaming ability would be attenuated by NPs \[[@bb0545]\].

Besides pure DPPC and clinical pulmonary surfactant, the mixtures of DPPC and other phospholipids or fatty acids have also been utilized to explore the interaction with PM. These observations can not only shed light on physiological processes but also validate the functions of each component in natural surfactant. In the investigation of surfactant comprised of different combinations of lipids (DPPC, DPPC: POPG, DPPC: DLPC, Infasurf), the POPG-containing lipids showed a significant decrease of alkyl tilt angle in grazing incidence X-ray diffraction (GIXD) measurement when interacted with nanoparticles, meaning that anionic POPG could cause a change in the ratios of LE and LC phases due to the fluidizing property of POPG \[[@bb0635]\]. POPG is manifested to be less ductile than DPPC at certain surface areas, due to its smaller head group/chain mismatch \[[@bb0855]\]. Stachowicz-Kusnierz *et al*. \[[@bb0560]\] compared DPPC, POPC monolayers, and a monolayer of a mixture of DPPC and POPC. The Π-A isotherms of both the binary monolayer and pure POPC monolayer showed larger mean molecular areas than that of DPPC because of the double bond in POPC. Upon the addition of Benzo\[a\]pyrene, the condensing effect became more obvious on the binary monolayer than on the one-component monolayers. Molecular dynamics simulations validated this difference by demonstrating that the unsaturated lipids such as POPC and POPG could make surfactant more fluidized, and meanwhile, they might sustain a larger pressure increase at low initial pressure \[[@bb0395],[@bb0560]\]. Zhao *et al*. \[[@bb0545]\] found that unsaturated lipids DOPC displayed a synergistic solubilization effect with DPPC to increase the total solubilizing ability of natural pulmonary surfactant on PAHs particles.

Monolayers have been extensively investigated, while bilayers and multilayers which exist in a variety of locations in the lung are observed and studied more recently. The bilayer vesicles in the subphase of alveoli and attached to the interface are responsible for the transfer and preformation of the film at the air/water interface. Moreover, more and more evidence revealed that the structure of a surface monolayer with one or more bilayers underneath exists at the alveolar interface. This multilayered structure which may derive from the multilaminations during the production and migration of lamellar bodies also contributes to the mechanical property of pulmonary surfactant \[[@bb0860]\]. It has been reported that invading particles also interact with bilayer vesicles during the deposition on the alveoli \[[@bb0485],[@bb0865]\]. A dynamic simulation showed that the mean square displacement of dibenz\[a,h\]anthracene particles on a DPPC/DPPG/cholesterol bilayer (64:64:2) was larger than that on a pure DPPC bilayer, suggesting the important roles of cholesterol and DPPG in the modulation of the flexibility of bilayers \[[@bb0555]\]. In a bronchoalveolar lavage fluid (BALF), oxides particles interacted with liposome-like structures to form large agglomerates. Instead, the oxides particles interacted with bilayer vesicle structures and formed much smaller aggregates in the 2:1 mixture of DPPC and dipalmitoyl phosphatidic acid (DPPA) \[[@bb0485]\]. In solutions of unilamellar lipid vesicles composed of DPPC/POPG/Palmitic acid (PA), Ruge *et al*. \[[@bb0870]\] discovered that the lipids greatly modulated the effects exerted by SP-A and SP-D which enhanced the alveolar macrophage uptake of magnetite nanoparticles.

When a cationic lipid such as cetyltrimethylammonium bromide (CTAB) was added to DPPC monolayer, the bulking of the monolayer was diminished at high surface pressure. This result is due to the cohesive effect of CTAB that enables the monolayer to maintain flat geometry and even achieve negative surface tension at high surface pressure \[[@bb0875]\].

4.3. Studies of surfactant interacting with different PM {#s0055}
--------------------------------------------------------

### 4.3.1. The effect of particle size {#s0060}

It is known that particle size impacts the cellular uptake of particles. *In vivo* studies indicated that larger NPs caused a greater load of macrophages \[[@bb0880]\] and induced more cytotoxicity and inflammation in mice \[[@bb0885]\]. Particle size also plays a crucial role in the interactions between PM and lung surfactant. In a study of poly(organosiloxane) NPs with diameters of 12 nm and 136 nm \[[@bb0825]\], 12 nm particles did not cause significant changes on the isotherm curves of both DPPC monolayer and DPPC/DPPG/SP-C (80:20:0.4 mol %) lipid mixture except at very high concentrations, while 136 nm particles diminished the coexistence of LE and LC in DPPC monolayer but enhanced the transition plateau of DPPC/DPPG/SP-C film even with low concentrations. The isotherm of DPPC monolayer, in this case, did not shift to larger molecular areas with nanoparticles, suggesting the transfer of some lipid molecules to particle surface. The compressibility of both DPPC and the mixture films was increased with the presence of 136 nm particles, resulting from the perturbed lipid packing order and decreased intermolecular interactions. These effects were stronger with higher particle concentrations. The disturbance on the interfacial packing is controlled by an interplay between steric hindrance, excluded area effects and other interactions \[[@bb0890]\]. The large particles also attenuated the phase separation of DPPC monolayer due to the decrease in line tension and inhibited the vesicle insertion process, which would impair the preformation of surfactant interfacial film \[[@bb0825]\].

Nevertheless, the strength of particle-surfactant interaction is not linearly associated with particle size. Instead, parabolic curves are always derived with the existence of critical diameters that cause a significant change in the biophysical properties of pulmonary surfactant, and the values vary with the type of NPs. Ku *et al*. \[[@bb0895]\] reported that the isotherm of DPPC monolayer shifted to larger molecular areas when interacting with gelatin-based particles (136 nm, 197 nm, 221 nm, 236 nm, 287 nm). The extent of the shift was maximum with the 236 nm particles. The surface potential of the DPPC film was also greatly influenced by the presence of the particles, thereinto smaller particles resulted in steeper and less delay of the headgroup dipole reorientation while larger particles led to stronger delay. Kodama *et al*. \[[@bb0650]\] discovered that among the five different sizes, only 20 nm particles led to the disappearance of "squeeze out" plateau of Survanta, which was also verified in the fluorescence microscopic image showing that only the 20 nm particles caused changes in the LC domain. A molecular dynamic simulation was conducted by Curtis *et al*. \[[@bb0865]\] to explore how different sized particles interact with DPPC bilayers. The results indicated that the hydrophilic particles with diameters from 2 nm to 25 nm became wrapped in DPPC bilayer, while smaller particles with 1 nm diameter were embedded in the bilayer surface ([Table 3](#t0015){ref-type="table"} ). Equation [(21)](#fo0105){ref-type="disp-formula"} shows the equation denoting that the radius of particles influences the wrapping energy of the particles in lipid membrane:$$E = \left( {2\epsilon/R^{2} + в - u_{\mathit{ad}}} \right)A_{c}$$where ϵ is the membrane bending rigidity, R is the radius of particles, в is the membrane tension, A~c~ is the contact area, u~ad~ is the adhesion energy per unit area [@bb0900].Table 3Particle size effects on particle-surfactant interactionTable 3Author/yearParticle compositionSize rangeSurfactantMain findingsKu *et al.*/2008 \[[@bb0895]\]Gelatin particles cross-linked with glutaraldehyde137, 197, 221, 236, and 287 nmDPPC monolayer236 nm particle has the highest affinity towards surfactantDwivedi *et al.*/2014 \[[@bb0825]\]Poly(organosiloxane)12nm and 136nmDPPC monolayer and DPPC/DPPG/SP-C (80:20:0.4 mol%)Severe inhibition only observed with 136 nm particleKodama *et al*./2014 \[[@bb0650]\]Polystyrene20, 30, 40, 100, 500, and 1000nmSurvantaOnly 20 nm particle eliminates the squeeze-out phase in isotherms and drastically increases the domain fraction of the LC phase(Simulation) Curtis *et al*./2015 \[[@bb0865]\]Coarse-grained nanoparticles1, 2, 4, 6, 10, and 25nmCoarse-grained DPPC bilayerHydrophilic particles larger than 2 nm become wrapped while 1 nm particles become embedded

Kodama *et al*. \[[@bb0650]\] pointed out that the effect of particle size on particle-surfactant interaction might be ambiguous since the observation would also partly result from the difference of the associated physical properties, e.g. total surface area and specific surface area, the chemical nature of particle-molecule interaction. The total surface area effect has already been evaluated and it was excluded from the factors impacting the phase transition of surfactant. However, the researches on the effect of specific surface area and nature of particle-molecule interaction are limited. In general, particle size can only be assessed as a reference factor, rather than an independent factor that determines the particle-surfactant interaction.

### 4.3.2. The effect of surface charge {#s0065}

Surface charge is a key factor determining the toxicity of NPs. The study of functionalized (e.g., Guanidinium-, acetylated-, zwitterionic-, hydroxylated-, PEGylated-, carboxylated- and sulfated-) polystyrene particles proved that lung inflammation was significantly influenced by surface charge \[[@bb0905]\]. Regarding the interactions between particles and pulmonary surfactant, electrostatic force has been considered as one of the main contributors \[[@bb0480],[@bb0495],[@bb0910]\]. Electrostatic force is a much stronger and longer-range force than other forces \[[@bb0915]\]. According to Coulomb's law, the electrostatic force **K** ~**E**~, between two charged particles is$$\mathbf{K}_{E}\left( \mathbf{d} \right) = \frac{\mathit{Qq}\hat{\mathbf{d}}}{4\pi d^{2}\varepsilon_{0}\varepsilon}$$where Q and q are the charges of the particles respectively, $\hat{\mathbf{d}}\ $is the unit vector from one particle to the other, d is the distance between the particles, as$$\hat{\mathbf{d}} = \mathbf{d}/\left| d \right|$$ε~0~ is the vacuum permittivity and the approximate value is 8.85\*10^−12^ C^2^N^−1^m^-2^. ε is the dielectric constant of the medium. The electrostatic force would be attractive if Q and q are of opposite signs, otherwise repulsive.

When taking the aqueous environment (e.g., the subphase) into consideration, the effect of surface charge becomes more complex. According to the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, the interaction between charged spherical PM and surfactant surface is influenced by both the van der Waals force and double layer force which derives from the electric double layer formed in aqueous solutions \[[@bb0920], [@bb0925], [@bb0930]\]. An equation describing the double layer force between a charged sphere and a flat surface is given as$$F_{\mathit{double}} = \frac{2\mathit{\pi R}}{\varepsilon_{l}\varepsilon_{0}\kappa}\left\lbrack {\left( {\sigma_{T}^{2} + \sigma_{S}^{2}} \right)e^{- 2\mathit{\kappa d}} + 2\sigma_{T}\sigma_{s}e^{- \mathit{\kappa d}}} \right\rbrack$$where R is the radius of the sphere, ε~l~ and ε~0~ are the dielectric constant of the liquid and vacuum, respectively, κ is the inverse of the Debye length, σ~T~ and σ~s~ are the surface charge densities of the sphere and the surface, respectively \[[@bb0935]\]. [Fig. 6](#f0030){ref-type="fig"} illustrates a DLVO model for the particle-particle and particle-surface systems with same charge signs as an example. The double layer force exhibits as repulsive in this case. Besides van der Waals force and double layer force curves, a net DLVO interaction curve is also plotted. For PM-lung surfactant surface system, double layer force may exist as repulsive or attractive, depending on the charge sign and charge density of PM, and the composition of lung surfactant. The surface charge densities and electrolyte concentrations determine the magnitude of the energy barrier, reflecting the stability of the particle-particle dispersion and particle-surfactant film system in the solutions.Fig. 6(A) Schematics of DLVO interactions between positively charged particle-particle and particle-surface systems in an aqueous solution. For surfaces carrying similar charges in the aqueous media, their DLVO interactions combine the effect of electrical double layer repulsion and van der Waals attraction. (B) Schematic plots of DLVO interaction energy vs. separation distance between similarly charged surfaces or colloidal particles dispersed in aqueous solutions. The double layer force exists as relatively long-rang repulsion. The net DLVO interaction has a high peak known as the energy barrier at high charge density and low electrolyte concentration. In concentrated electrolyte solution, a secondary minimum would appear at some critical separation, while the primary minimum is present when the interacting surfaces are in contact. When the surface charge densities are high in solutions with dilute electrolytes, the surfaces repel each other as the double layer force dominates. When the charge densities are below a certain value or the electrolyte concentration is higher than the critical coagulation concentration, the energy barrier falls below 0, giving rise to rapid coagulation \[[@bb0940]\].Fig. 6

The silica particles with negative charges form lipid-particle complexes with the positively charged ammonium groups of DPPC, changing the dipole moment of the DPPC molecules to affect the molecular packing, thus the nucleation of LC domains is disrupted. As a result, the LE-LC plateau on the isotherm becomes flat \[[@bb0945]\]. Another negatively charged particles - carboxyl modified polystyrene caused a partial collapse of the DPPC monolayer and changed the ratio of ordered domains to obtain a more compact DPPC monolayer. The polystyrene particles also increased the hysteresis area during compression and expansion cycle. These phenomena proved the adsorption of the polystyrene particles to DPPC during expansion and the ejection of the particles to subphase during compression \[[@bb0670]\]. The electrostatic interaction also greatly eliminates the translocation capability of particles and the elimination effect increases with surface charge density. In a molecular dynamics simulation, the charged particles were partially wrapped in DPPC instead of penetrating the film, facilitating the structural change and inhibiting the phase change of the surfactant film ([Fig. 7](#f0035){ref-type="fig"}C, D, E) \[[@bb0950]\].Fig. 7(A) Surface pressure-area isotherm and (B) contour plots of x-ray intensities vs. in-plane and out-of-plane scattering vector components q~xy~ and q~z~ of various surfactant systems with and without NPs silica Levasil 200S (cationic) and Bindzil 30/360 (anionic). The surfactant mixtures are DPPC: DLPC (7:3 by mole ratio) and DPPC: POPG (7:3). (A) The introduction of NPs did not cause significant changes in DPPC and DPPC: DLPC. Both cationic and cationic NPs caused an increase in the molecular area of DPPC: POPG, while only cationic NPs shifted the Infasurf curve at the pressures above the "squeeze out" plateau. (B) The systems were treated as homogeneous monolayer based on the assumption that the sizes of LE and LC domains are smaller than the x-ray beam footprint. The diffraction peaks of DPPC, DPPC: POPG and Infasurf shifted to larger value of q~z~ with anionic NPs, revealing a unit cell expansion. Cationic NPs induced the shift of the diffraction peaks in DPPC: POPG and Infasurf to lower q~z~, indicating a reduction in the tilt angle. The subphase for each sample was ultrapure water (left), anionic silica NPs aqueous solution (middle), and cationic silica NPs aqueous solution (right). Surface pressure: 35 mN/m; in (A) and (B), the concentrations of NPs were 0.001 wt%. Temperature: 22.0 ± 0.5°C \[[@bb0635]\]. (C) (D) (E) Molecular dynamic simulation. Hydrophilic NPs with positive and negative charges interact with pulmonary surfactant monolayer \[[@bb0950]\]. (C) is at expanded state and (D) is at compressed state. Each column shows the final structure of the particle-surfactant interaction corresponding to surface charge density. The upper side of the monolayer is water and the lower side is air. (E) The model of NPs set up in the simulation. The surface charges and densities are illustrated. Color code: the neutral coarse-grained beads in black, the cationic in yellow and the anionic in blue. It showed that the charged particles were only wrapped in the monolayer instead of directly penetrating.Fig. 7

The positively and negatively charged particles do not show much difference to pure DPPC due to the zwitterionic property of the molecules. However, because of the presence of other cationic, anionic lipids and proteins in natural pulmonary surfactant, the effect of particle charge becomes complex ([Fig. 7](#f0035){ref-type="fig"}A). Negatively charged polylactide nanoparticles were found to be a more potent surface activity inhibitor on Curosurf than positively charged nanoparticles \[[@bb0520]\]. Hu *et al*. \[[@bb0955]\] confirmed this trend in a molecular dynamics simulation. It is because that the positively charged SP-B~1-25~ could be adsorbed onto the anionic particles even when the anionic particles were trapped in the film, leading to protein denaturation and the conformational change of surfactant. Another positively charged protein SP-C also contributes to this effect \[[@bb0460],[@bb0520]\]. However, in the investigations of aluminum oxide, silicon dioxide, and latex nanoparticles, the negatively charged latex and silica did not cause direct or strong interaction to either synthetic (mixture of DPPC, POPG, etc.) or exogenous surfactant (e.g., Curosurf), while the positively charged aluminum oxide, silica and latex form aggregates with surfactant vesicles, and the interaction strength increased with surface charge density. The particle-vesicle aggregates can last for weeks \[[@bb0505]\]. This affinity of positive particles towards lung surfactant is ascribed to the net negative charge of the surfactant. Behyan *et al*. \[[@bb0635]\] reported that both cationic and anionic silica particles shifted the isotherms of DPPC: POPG to larger molecular areas with low concentrations in the subphase, while only cationic particles showed an impact on Infasurf isotherm at high surface pressure. However, though GIXD and x-ray reflectivity studies revealed that anionic silica nanoparticles would interact with lipid head and change the alkyl chain organization and orientation of the surfactant, the effect was very small. By contrast, cationic nanoparticles caused a large reduction of the chain tilt angle in the condensed phase, which would affect the LE-LC phase ratio, thus changing the mechanical properties of the film ([Fig. 7](#f0035){ref-type="fig"}B). Behyan's discovery was believed to be strongly associated with the presence of anionic POPG. The interactions caused by the introduction of anionic particles observed in some other studies were from the electrostatic repulsion between the anionic phospholipids and the particles \[[@bb0960]\].

In general, the surface charge of particles enhances the interaction with lipids. For pure DPPC monolayer, because of the zwitterionic feature, the charge signs of particles do not make much difference on the translocation behaviors \[[@bb0950]\]. The behavior is quite different in natural pulmonary surfactant with the presence of other lipids and surface proteins, where positively charged particles always cause more pronounced effects on the structural and functional properties of the surfactant. The strength of the interaction is positively related to surface charge density. However, Kodama claimed that the effect on particle-surfactant interaction brought about by surface charge was not as powerful as that of particle size \[[@bb0650]\].

### 4.3.3. The effect of particle hydrophobicity {#s0070}

Besides electrostatic attraction, hydrophobicity also contributes to the interaction between PM and lung surfactant. Hydrophobic interaction is greatly dependent on temperature since it is entropy-driven. The entropy will increase (ΔS\>0) when hydrophobic particles interact with each other, while the enthalpy decreases (ΔH\>0) resulting from the breaking of hydrogen bonds. According to Gibbs free energy formula$$\mathrm{\Delta}G = \mathrm{\Delta}H - T\mathrm{\Delta}S$$if ΔH is smaller than TΔS, it leads to a negative value of ΔG, which indicates the spontaneous hydrophobic assembly. There is no widely accepted theoretical formula for hydrophobic force or energy because the interactions between macroscopic hydrophobic surfaces and those between hydrophobic nanoparticles or molecules are not quantitatively equal. For example, the hydrophobic interaction between two solid surfaces could be demonstrated in Eq.[(26)](#fo0130){ref-type="disp-formula"} \[[@bb0965]\]$$\frac{F_{\mathit{HB}}\left( D \right)}{\lambda} = - C_{0}e^{- D/D_{\mathit{HB}}}$$

where λ is the curvature of the interacting surfaces, C~0~ is an empirical parameter, D is equilibrium distance, D~HB~ is the hydrophobic decay length. An empirical formula showing the hydrophobic energy is$$E_{\mathit{HB}} = - \gamma\left( {a - a_{0}} \right)e^{- D/D_{\mathit{HB}}}$$

Here, γ is the interfacial tension, a is the area per molecule, a~0~ is the optimum area per molecule \[[@bb0970]\]. Additionally, the existence of hydrophilic headgroups, tails and other moieties, and local surface geometry also directly affect the hydrophobic interactions. Therefore, hydrophobic force is non-additive \[[@bb0975]\]. As a matter of fact, the long-range force observed between two hydrophobic objects is a combination of several forces \[[@bb0980]\]. Hydrophobic force predominates over electrostatic and steric repulsion when the distance of the particles decreases to the decay length \[[@bb0970]\]. The calculated energy curves in [Fig. 8](#f0040){ref-type="fig"} indicate that hydrophobic interaction is a short-range force.Fig. 8The overall force law of interaction energies and individual contributions vs. separation distance for trans azobenzene trimethylammonium bromide (azoTAB) bilayers. The hydrophobic energy is dominating as the bilayer-bilayer distance deceases to about 1 nm, indicating that the force between hydrophobic objects becomes pure hydrophobic interaction at short range \[[@bb0970]\].Fig. 8

Hydrophobic particles can nucleate the collapse of the compressed DPPC monolayer, causing an irreversible decrease of the collapse pressure, as hydrophobic attraction leads to the formation of particle-DPPC complex and stabilizes the particle-DPPC monolayer from expelling the particles \[[@bb0945],[@bb0985]\], which contrasts the observation on hydrophilic silica particles \[[@bb0890]\]. This trend is also supported by Zhang *et al*. \[[@bb0530]\] that the aggregates formed by the introduction of hydrophobic Au NPs to disturb the domain size on DPPC monolayer could stay on the surface of pulmonary alveoli for a long time. It is owing to the hydrophobic interaction between the Au particles and the surfactant, and this interaction decreased the compressibility and inhibited the phase transition of the surfactant. The retention rate of hydrophobic particles at the surfactant Infasurf monolayer is also higher than that of hydrophilic particles ([Fig. 9](#f0045){ref-type="fig"}A) \[[@bb0990]\]. It is the acyl group \[[@bb0825]\] as well as the long hydrophobic tails \[[@bb0995]\] of DPPC molecules that interact with hydrophobic particles, therefore DPPC molecules would be adsorbed to particles from the air/water interface, changing the structure of the surfactant monolayer. Konduru *et al*. \[[@bb0485]\] discovered that the lipid adsorption ability of hydrophobic cerium oxide was much stronger than that of other hydrophilic particles when incubated in different surfactant systems including DPPC, DPPC/DPPA, and rat bronchoalveolar lavage fluid (BALf) ([Fig. 9](#f0045){ref-type="fig"}B).Fig. 9(A) Comparison of NPs retention at the Infasurf film. AFM images of pure Infasurf and Infasurf mixed with NPs at four different surface pressures (20, 30, 40, and 50 mN/m). P02A: acid-terminated poly(D,L-lactide-co-glycolide) (PLGA), P103E: ester-terminated PLGA, PST: polystyrene. The hydrophobicity increases as a manner that P02A is the least hydrophobic, P103E is the medial and PST is the most hydrophobic. The resolution of AFM images at 20, 30, and 40 mN/m is 50μm\*50μm and the z range is 5nm. The resolution of AFM images at 50 mN/m is 20μm\*20μm, z ranges are: Infasurf, 20 nm; Infasurf + P02A, 250 nm; Infasurf + P103E, 350 nm; and Infasurf + PST, 120 nm. The image at 50 mN/m is depicted in 3D. NPs are indicated with white arrows. The presence of NPs is positively related to hydrophobicity. After the monolayer-to-multilayer transition, all three types of NPs are spotted at the surface \[[@bb0990]\]. (B) Cryo-TEM images of 2:1 mixture of DPPC: DPPA with particles CeO~2~ (a,b) and BaSO~4~ (c,d) \[[@bb0485]\]. NPs interacted with lipid vesicles with polyhedral shapes. Onion-like multilamellar vesicle structures were present with CeO~2~ while unilamellar vesicles were shown with BaSO~4~.Fig. 9

The Π-A isotherm of DPPC was significantly and horizontally shifted to larger molecular surface areas by hydrophobic montmorillonite and silica particles owing to the formation of hydrophobic complexes with the incorporation of the particles, which led to excluded area effects \[[@bb0645],[@bb0985]\]. The hydrophilic halloysite and bentonite NPs shifted the Π-A isotherm to smaller molecular areas, resulting from the decreased distance between DPPC molecules \[[@bb0645]\]. In Infasurf, the effect of particles on isotherm is a little bit different. Both hydrophilic and hydrophobic particles shifted the curve to smaller surface areas, increasing the compressibility of the film, as well as decreasing the ability to reduce surface tension upon compression and inhibiting the compression-expansion activity ([Fig. 10](#f0050){ref-type="fig"}A, B) \[[@bb0955],[@bb0990]\]. It is proposed that hydrophilic particles can bind to the polar end of DPPC molecules, leaving the hydrocarbon tails pointing out. This attraction also causes the adsorption of lipid molecules to hydrophilic particles, and the lipid-particle complexes would further aggregate to sink \[[@bb0645]\], though this adsorption is not as strong as that driven by hydrophobic interactions \[[@bb0485]\]. When incubated in the mixture of DPPC and DPPA, hydrophobic particles would insert into lipid vesicles and be associated with the formation of multilamellar lipid bilayers, while the relatively hydrophilic ones stayed outside lipid bilayers vesicles and related to the formation of unilamellar lipid bilayers ([Fig. 9](#f0045){ref-type="fig"}B) \[[@bb0485]\]. The translocation behaviors that were studied by molecular dynamics simulations showed that both hydrophilic and hydrophobic particles would transport through the surfactant, but in different manners. The hydrophilic particles directly penetrated the monolayer, while the hydrophobic particles were wrapped by the surfactant and passed through the DPPC monolayer \[[@bb1000]\]. For DPPC bilayer, the hydrophobic particles directly penetrated the membrane and were embedded within the inner hydrophobic core of the bilayers, while hydrophilic particles became wrapped by the lipid bilayers \[[@bb0865]\]. The combined *in vitro* and *in silico* research conducted by Hu *et al*. \[[@bb0955]\] on Infasurf suggests that hydrophobic polystyrene particles caused the formation of high protrusions as the film was compressed, resulting from the encapsulation of the particles, while hydrophilic hydroxyapatite particles translocated quickly across the film. Hu also revealed that the inhibition induced by hydrophobic polystyrene particles to Infasurf is faster than that caused by hydrophilic hydroxyapatite particles. However, the hydrophobicity of particles does not cause much difference when interacting with the hydrophobic SP-A and hydrophilic SP-D. These two surfactant proteins are selectively adsorbed to the particle and interplay with the lipids, hence the alveolar macrophage uptake of hydrophobic and hydrophilic particles in the unilamellar vesicles are at comparable levels \[[@bb0870]\].Fig. 10(A) Statistical analysis of the effect of NPs on the compressibility of Infasurf. \*p \< 0.05 for comparison to pure Infasurf. NPs significantly increased the compressibility during compression (κ~comp~) and decreased the compressibility during expansion (κ~exp~). The extent is proportional to hydrophobicity. (B) Compression and expansion cycles for pure Infasurf and Infasurf with NPs. The hysteresis area was increased with NPs and the extent increased with hydrophobicity. (A)(B) The data were obtained with constrained drop surfactometer at 37°C and cycled at a physiological relevant rate (3s/cycle). P02A: acid-terminated PLGA, P103E: ester-terminated PLGA, PST: polystyrene. The hydrophobicity increases as a manner that P02A is the least hydrophobic, P103E is the medial and PST is the most hydrophobic \[[@bb0990]\]. (C) BAM images (311 μm\*418 μm) of pure DPPC on pure water subphase, and DPPC on SiO~2~ (1 wt %) and carbon black (CB) dispersions at Π = 7.5 mN/m. Compared with CB, the stronger distorting effect on the domain size and shape caused by SiO~2~ is mainly from electrostatic attraction \[[@bb0945]\].Fig. 10

Though previous studies on natural pulmonary surfactant such as Survanta \[[@bb0995]\], BALF \[[@bb0485]\] indicated that some lipids could be adsorbed onto the hydrophobic particles via strong hydrophobic interactions, there was no significant change in the domain formation and structure of Survanta after the introduction of particles in Tatur's experiments, which was speculated due to the merging of the particles into the hydrophobic surface proteins existed in the natural surfactant \[[@bb0540]\]. However, Valle *et al*. \[[@bb0990]\] observed that the size of the phospholipid domains of Infasurf was reduced by both hydrophilic and hydrophobic NPs, along with the disturbance on the conformational monolayer-to-multilayer transition. This difference is due to the particle size. In the former study, the particles with core diameter of 2 nm were comparable to the size of SP-B and SP-C and easily accumulated with these hydrophobic proteins in the LE phase; while the sizes of particles in the latter experiment were 260, 350, and 95 nm which led to the formation of protrusions on the monolayer.

Both hydrophobicity and surface charge play important roles in the phase behavior and structure of pulmonary surfactant, whereas the disrupting effect of surface charge is related to electrostatic interaction, which influences the orientation of DPPC molecules. Thus the surface charge always causes stronger effects on the biophysical properties and domain structure of DPPC ([Fig. 10](#f0050){ref-type="fig"}C) \[[@bb0945]\]. Nevertheless, the amount and type of lipids adsorbed onto the particles are determined by hydrophobicity rather than surface charge \[[@bb0485]\].

### 4.3.4. The effect of particle shape {#s0075}

Kondej *et al*. \[[@bb0645]\] noticed that the particle shape also led to differences in the phase behavior of DPPC. Plate-like bentonites and halloysite nanotubes showed different impacts on the phase behavior of DPPC, despite that they are all hydrophilic and surface-inactive. The dissimilar behaviors of the bentonite and halloysite particles compared with spherical silica particles suggest that the squeezing-out of particle-lipid complexes during compression was amplified for the non-spherical particles \[[@bb0645],[@bb0945]\]. A systematic molecular dynamics study has been conducted to validate the influence of particle shape. For hydrophilic particles, the simulation showed that they penetrated DPPC monolayer, but the rod particles seldom disrupted the packing structure of DPPC while the barrel and disk particles caused an obvious change in the structure. Barrel particles led to the most obvious disturbance because of the largest contact area, while rod particles showed the smallest contact area with DPPC molecules to induce the lowest influence. Shape also affects the penetration ability as the rod-like particles bore the highest penetration ability. This simulation suggests that the length-to-diameter aspect ratio of cylindrical NPs is the key parameter to determine the penetration ability of particles and structural disturbance on DPPC monolayers \[[@bb1005]\]. Kondej *et al*. \[[@bb0845]\] examined the influence caused by nanotubes and nanohorns, the results showed that the nanomaterials with higher specific surface areas induced more frustration to lung surfactant. Capillary force is speculated as one of the reasons why particle shapes influence the particle dynamics and disruption of lung surfactant. The capillary force is higher for the particles with sharper edges because of the pinning of the air-water interface at the edges, especially for cylindrical or cubical shapes \[[@bb1010],[@bb1015]\].

In conclusion, the strength of capillary force increases with the length of air-water-solid interface \[[@bb1015]\]. Besides, shape anisotropy and the initial orientation of particles also contribute to the shape effects on particle-lipid interaction \[[@bb1020]\].

### 4.3.5. The effect of adsorbates, ambient dust and other polymer composites {#s0080}

PM carries many different kinds of chemicals. One of the most toxic components in PM is polycyclic aromatic hydrocarbon (PAHs) which has been proved to cause carcinogenic effect to organisms. Several recent papers have discussed the interactions of some PAHs with pulmonary surfactant. Zhao *et al*. \[[@bb0545]\] revealed that natural surfactant increased the solubilization of anthracene significantly, depressing the adsorption of anthracene to nanoparticles, thus the adsorption of anthracene to pulmonary surfactant was enhanced, which led to increased toxicity of the inhaled particles. Zhao *et al*. \[[@bb1025]\] confirmed that the mixed phospholipids in natural surfactant were responsible for the solubilization of PAHs. A molecular dynamics simulation \[[@bb0560]\] and experimental results \[[@bb0380]\] indicated that benzo\[a\]pyrene caused a condensing effect on surfactant monolayer and reduced the hydration of the monolayer, leading to a decreased fluidity. Benzo\[a\]pyrene also destabilizes DPPC/DPPG monolayer by decreasing the surface pressure. Nevertheless, during compression, benzo\[a\]pyrene may be expelled to water subphase due to the presence of DPPG. These results suggest that the accumulation of benzo\[a\]pyrene in surfactant monolayers not only impairs the surfactant function but also attenuates the barrier role of the surfactant with an easier access to the underneath fluid \[[@bb0380]\]. Another simulation about dibenz\[a,h\]anthracene and its metabolite 3,4-diol-1,2-epoxide interacting with lung surfactant bilayers showed that they formed aggregates in the lipids and subphase, as well as at the interface. The metabolite was more likely to diffuse through the film to the subphase \[[@bb0555]\].

Besides pure synthetic compounds, some complex PM derived from ambient dust including tobacco smoke, diesel exhaust dust, biofuel combustion dust, etc. have also been investigated with lung surfactant and the models. The particle emissions from biofuel combustion were revealed to deposit in alveoli, increasing the compressibility of lung surfactant and lowering the surface pressure, thus destabilizing the monolayer. Meanwhile, the particles can also predispose the collapse of alveoli, leading to respiratory distress \[[@bb0570]\]. Sosnowski *et al*. \[[@bb0550]\] revealed that benzo\[a\]pyrene released from soot particles interacted with the hydrophobic part of lung phospholipids and inhibited the dynamic and mechanical properties of lung surfactant. The pulmonary clearance rate was also reduced. Kendall reported that a lot of DPPC and amino acids in bronchoalveolar lavage were adsorbed to urban PM~2.5~ particles, which would sequester the lung surfactant \[[@bb0575]\]. Electronic cigarettes are used as an alternative to cigarettes, but a high concentration of the major adsorbate glycerol and propylene may induce a decrease in the surface tension and hysteresis of the surfactant during compression. This effect would be more obvious in people who have already had lung diseases \[[@bb1030]\]. The side effect caused by ambient PM is not easy to be overcome by lung surfactant, as the inhibition gets stronger with time, leading to alveolar atelectasis \[[@bb0570]\]. Moreover, the adsorption of surfactant components to PM would interfere with innate immunity \[[@bb0575]\].

Polymeric materials have been utilized in industry in huge amounts, and as a result, ambient PM contains increasing amounts of polymeric particles. Moreover, as a popular platform in the application of nanomedicine, the potential toxicity of polymeric materials has become a concern. Chitin\[poly(b-(1-4)-N-acetyl-D-glucosamine)\] is a biopolymer that has been utilized in food, cosmetics and pharmaceutical industries due to its biocompatibility. Recent papers showed that chitin would affect the structure and function of lung surfactant by electrostatic attraction. Chitin could adsorb the phospholipids, hindering the formation of LC phase. Under higher pressure, the chitin particles were squeezed out along with some adsorbed lipids, thus the order of the monolayer was disturbed \[[@bb1035]\]. Poly(styrene) and poly(lactide) are two common polymers that have been applied in nanomedicines. However, these polymers always provoke a decrease in lung activity by aggregation and protein depletion \[[@bb0655],[@bb1040]\]. These adverse effects can be resolved with coatings. For example, poloxamer and bioinspired poly (2-methacryloyloxyethyl phosphorylcholine) coatings can prevent particle aggregation and the adsorption of surfactant to particles by steric shielding, thus the impairment of the biophysical functions can be significantly attenuated \[[@bb0525],[@bb1040],[@bb1045]\]. The exploration of the interaction between various polymers and pulmonary surfactant could provide inspiration to the development of lung drug delivery platforms with high biocompatibility and low toxicity.

5. Health Effects Associated with PM invasion {#s0085}
=============================================

When PM readily interacts with pulmonary surfactant and deposits on it, besides physical properties, physiological properties of the surfactant are also influenced. PM penetrates through the surfactant into lung epithelial cells and causes further physiological disturbance to lung and other organs \[[@bb1050]\]. It is speculated that bone marrow can be stimulated by PM deposition and cause systemic inflammatory response, leading to chronic diseases such as cardiovascular disease, because cytokines were detected in the circulation in response to PM \[[@bb1055]\]. It is also hypothesized that nanoparticle is able to penetrate through epithelial into the circulation directly and cause diseases, since the inhaled particles were found at the sites of vascular disease \[[@bb1060]\].

In addition to PM and the toxic chemicals adsorbed to PM, another type of adsorbate on PM-microorganisms can also strongly affect human health. A two-day exposure to high levels of PM~2.5~/PM~10~ significantly changed in the composition of the pharyngeal microbiota \[[@bb1065]\]. Compared with pre-smog swabs, the relative abundance of 38 phyla, including *Firmicutes, Fusobacteria,* and *Actinobacteria*, increased in post-smog swabs. Among them, *Leptotrichia, Corynebacterium* and *Veillonella* were the top three genera with more than 20,000 reads for each. In addition, there were 11 new phyla detected in post-smog swabs. This change may increase unexpected risks, especially respiratory infections, to human. It should be noted that the relative abundance of two respiratory pathogens *H. influenza* and *M. catarrhalis* were increased by 240% and 150%, respectively, which would lead to morbidity and mortality of diseases such as pneumonia. Influenza A virus significantly changed the metabolism of alveolar type II cell in surfactant lipid, leading to surfactant dysfunction \[[@bb1070]\]. Coronavirus SARS-CoV-2 that triggered the current pandemic could damage both type I and type II alveolar cells, giving rise to reduced production and secretion of pulmonary surfactant to the alveolar interface, as well as inhibiting gas exchange between blood and the alveoli. Middle East respiratory syndrome (MERS)-CoV could also infect type I cells \[[@bb1075]\].

5.1. Physiological effects on pulmonary surfactant {#s0090}
--------------------------------------------------

Schürch *et al*. \[[@bb1080]\] reported in 1990 that the latex particles deposited in hamster lungs were submerged in the subphase and coated with osmiophilic film. A direct physiological change of pulmonary surfactant with deposition of PM is the elevation in the amounts of surfactant, which would lead to surfactant dysfunction. Murphy *et al*. \[[@bb1085]\] discovered that crystalline quartz led to an increase of extracellular surfactant, resulting from the increased number or secretion of type II cells. The augment of single surfactant component was also observed in rat lung with the inhalation of fly ash \[[@bb1090]\]. In this study, total phospholipids, phosphatidylcholine (PC) and phosphatidylethanolamine (PE) significantly increased in lungs. Meanwhile, PC, especially DPPC in lung surfactant, and microsomes were much higher upon PM exposure. It is due to the CDP-choline pathway and N-methylation of PE in lung cells. Another *in vivo* study on rats exposed repeatedly to diesel exhaust also testified the overproduction of phospholipids in pulmonary surfactant, indicating the risk of chronic lung injury \[[@bb1095]\]. The production of certain surfactants is a defense mechanism to protect the lung from further injury and avoid alveolar collapse caused by PM \[[@bb1090]\]. When the pulmonary macrophage fails to clear the increased surfactant, alveolar lipoproteinosis occurs \[[@bb1100]\], leading to shortness of breath.

Microbial virus adsorbed to PM also induces changes in the composition of lung surfactant. For example, *Pseudomonas aeruginosa* flagellum caused the production of exoproteases to degrade SP-A \[[@bb1105]\], making the surfactant and the alveoli susceptible to infection. Protease IV secreted by *Pseudomonas aeruginosa* was proved to degrade SP-A, SP-B and SP-D, changing the surface tension-reducing function of the surfactant in addition to the reduction of host defense function \[[@bb1110]\]. The decrease in SP-B may also lead to the change in the permeability of the surfactant \[[@bb1115]\], making the membrane more susceptible to PM and the adsorbates. A mucoid strain of *Pseudomonas aeruginosa* decreased the content of DPPC by reducing the mRNA synthesis of phosphocholine cytidylyltransferase (CTP) which is a key enzyme for DPPC synthesis \[[@bb1120]\], resulting in reduced surfactant function.

5.2. Health effects behind interaction of pulmonary surfactant and PM {#s0095}
---------------------------------------------------------------------

### 5.2.1. Inflammation {#s0100}

It is known that specific PM can deposit and translocate within pulmonary surfactant. Many studies present that both PM and the adsorbates (e.g., microorganisms, metals) on PM can lead to inflammatory response. When PM penetrates through the surfactant, alveolar macrophages can trigger phagocytosis to clear PM, which releases inflammatory mediators such as leukocytes and neutrophils to induce inflammation. Furthermore, the disturbance on the film structures may cause mechanical damage on the surfactant and epithelial cells, which may lead to inflammation as well. The acute effect of PM on living animals and humans mostly shows lung inflammation at first \[[@bb1125]\]. As the immune system's response to harmful stimuli, inflammation activates cellular and molecular events to remove the stimuli and tries to heal \[[@bb1130]\]. Inflammation is exhibited as the increase of free cells and high proportion of neutrophils in lavage. Uncontrolled inflammatory response may give rise to chronic diseases.

Crystalline quartz could induce surface inflammation, increase lung permeability and cause the type II cells to release their plasma membrane components, resulting in progressive damage, while the damage triggered by amorphous ultrafine silica regressed \[[@bb1085]\]. In this study, ultrafine/fine carbon black did not cause change in lung permeability or induce inflammation. Pan *et al*. \[[@bb1135]\] also proved recently that pure carbon black did not induce inflammation to human bronchial cells. Nevertheless, when carbon nanoparticles formed adducts with Pb^2+^ and incubated with human lung cells, the expression of the long novel noncoding RNA which is responsible for the regulation of inflammation was depressed. Pb^2+^ does not induce inflammation individually, just like Cr(VI), but it is revealed that the co-existence of these two species in PM~2.5~ caused cytotoxicity in lung cells \[[@bb1140]\]. The traffic-related PM is also reported to induce inflammation in both lymphocytes and lung cells \[[@bb1145]\], where the induction effect is stronger for PM with higher PAHs levels \[[@bb1150]\]. Additionally, the *in vitro* low dose exposure of rat lung to silica particles for 24 h exhibited inflammatory response \[[@bb1155]\], while the *in vivo* long-term, repeated and high-concentration diesel exhaust exposures of rats showed chronic inflammation \[[@bb1095]\].

### 5.2.2. Oxidative Stress {#s0105}

Reactive oxygen species (ROS) are highly reactive and unstable. The accumulation of ROS may lead to the oxidation of cellular components when the level is beyond the elimination ability of antioxidants \[[@bb1160]\], giving rise to oxidative stress. Oxidative stress may cause many chronic diseases, such as cancer, diabetics, cardiovascular diseases, and other degenerative diseases \[[@bb1165]\]. The exposure to PM would lead to oxidative stress to lipids, proteins, and DNA. When PM readily interacts with lung surfactant and penetrates through the membrane to interstitium and epithelial cells, the surface of toxic particles (e.g., metallic particles as catalysts) and the adsorbates including transition metals (copper, iron and manganese, etc.) and PAHs can generate free radicals to cause oxidative stress. Additionally, the mechanical damage brought about by PM within the cells could also trigger oxidative stress \[[@bb1170]\].

It is found that the presence of traffic-related PM led to an increase of ROS generation and oxidative DNA damage in human lymphocytes, alveolar epithelial adenocarcinoma cells \[[@bb1145]\], and type II lung epithelial A549 cells \[[@bb1175]\]. The extent of oxidative stress, cytotoxicity and epithelial activation on pulmonary cells induced by diesel exhaust particles increased with the content of PAHs \[[@bb1150]\]. Soltani *et al*. \[[@bb1180]\] investigated the influence of TiO~2~ and Fe~2~O~3~ micro and nanoparticles on lung and marrow tissues, figuring out that the particles increased the baseline level of lipid oxidation and antioxidant enzyme activity. The toxicity caused by TiO~2~ nanoparticles was more serious than that caused by the microparticles and the Fe~2~O~3~ nanoparticles. The acute induction of oxidative damage can also be observed with *in vivo* study. The Superoxide Dismutase (SOD) activity in rats was reduced after the exposure of the rats to ambient PM, which indicates the oxidative stress caused by the particles \[[@bb1185]\].

Besides lung cells, it is also reported that PM may aggravate oxidative stress in kidney. The *in vitro* exposure of human kidney cells to traffic-related particles indicated that the particles reduced the viability of the cells, increased mitochondrial ROS and decreased mitochondrial membrane potential, which led to kidney disease \[[@bb1190]\].

### 5.2.3. Other Adverse Health Effects of PM {#s0110}

In addition to inflammation and oxidative damage responses, PM is also associated with many other toxicity and diseases. Silver nanoparticles were discovered to induce autophagy and apoptosis in mouse embryonic fibroblast cells \[[@bb1195]\] and cytotoxicity in human lung cells \[[@bb1200]\]. The *in vivo* study on mice lasting for one month proved that PM is the initiator of pulmonary fibrosis since lung inflammation and incipient fibrosis symptoms were discovered after the exposure \[[@bb1205]\]. For susceptible rats with hypertension, the heart rate and heart rate variability were found linked to the industrial exhaust \[[@bb1210]\]. The short-term *in vivo* studies of humans revealed that ambient PM~2.5~ was related to low resting cerebrovascular flow velocity and high resting cerebrovascular resistance, suggesting that the endothelial function in the cerebral vasculature would be harmed by PM~2.5~ \[[@bb1215]\].

The pathological symbols, such as chronic inflammation, increased mucus and phospholipids production, that are exhibited by patients with chronic obstructive pulmonary diseases would be aggravated with time and PM concentration. However, in the chronic study on young and normal rats, the pathological symbols remained stable after 12-18 months of exposure to PM of medium and high concentrations. It implied that young and normal rats were resistant to chronic diesel exhaust exposures \[[@bb1095]\]. Recent papers discussing long-term *in vivo* studies presented some new physiological responses upon exposure to PM. Lepeule *et al*. \[[@bb1220]\] reported that the traffic particles (mostly carbon black) caused an additional rate of decline in forced vital capacity and forced expiratory volume, which indicated a lower baseline lung function. The particles also accelerated the decline of lung function in the elderly. PM can affect the function of other organs as well. Liang *et al*. \[[@bb1225]\] let the rats be exposed to PM~2.5~ once every three days for one month. Then the rats got vascular endothelial injury and inflammation, and meanwhile, fibrin thrombi and bleeding occurred on the lung tissue. All of these responses suggest that PM~2.5~ would eventually lead to disseminated intravascular coagulation. Long-term gasoline vehicle exhaust exposure is proved to induce erectile dysfunction in rats \[[@bb1230]\].

Transgenic mice were used to test with PM samples \[[@bb1235]\]. After 4 h exposure, it was found that the PM induced the increase of CYP1A1 (a gene regulated by aryl hydrocarbon receptor), which indicated a carcinogenic effect. Besides, PM led to an increase of endothelin-1which exhibited as a dysfunction of epithelial, and an increase of metallothionein-II resulting in reduced scavenging of metal toxicity. The exposure to PM does not cause a widespread change in gene expression. This is consistent with the results of the study on silica particles \[[@bb1155]\]. PM~2.5~ was only reported to cause oxidative damage to DNA in humans \[[@bb1185]\]. However, a recent study that exposing zebra to carbon nanoparticles showed a disturbance on DNA methylation of the genes in heart tissue, revealing the unregulated gene expression caused by PM \[[@bb1240]\].

6. Summary and Perspectives {#s0115}
===========================

It is revealed that exposure to PM significantly impacts on pulmonary surfactant and human health through altering the physiological, biophysical and morphological properties of lung surfactant. Different types of particles including synthetic and ambient PM, which are not equally toxic to pulmonary surfactant and health, have been proved by both experimental investigations and molecular dynamics simulations. It has been found that the strength of particle-surfactant interaction increases with the extent of hydrophobicity and surface charge density, while each type of particles bears its own critical particle size that shows the strongest impacts on surfactant. Particle shape and chemical nature of PM also influence the phase behavior and morphology of pulmonary surfactant.

Many different characterizations and methodologies have been used to investigate PM-surfactant interaction. The interpretability of interdisciplinary approaches greatly promotes a comprehensive understanding of the effects of PM. Nevertheless, quantitative analyses of, for example, the interaction forces between particles and lung surfactant, and the surfactant domain change upon the contact with particles, are seldom presented. Future studies of the associated interfacial forces can be carried out with nanomechanical tools such as atomic force microscopy and surface forces apparatus. The effect of PM on the morphology is generally investigated via visual characterization (e.g., AFM, BAM). Further investigation utilizing fluorescence microscope can provide useful information on the morphological changes upon PM deposition. Meanwhile, the continuous monitoring of the change in various properties of lung surfactant after the deposition of PM is mostly reported with molecular dynamics simulations. It would be more convincing with direct and real-time experimental visualization before, during and after the deposition of PM on pulmonary surfactant.

The different results obtained for naturally derived surfactant and DPPC after PM deposition suggest that the functions of other lipids and surface proteins cannot be ignored. Though DPPC is the major component of lung surfactant and responsible for maintaining the phase behavior and stability of alveoli during respiration, the results could be more conclusive when naturally derived surfactant is considered. It is reported that surfactant proteins, especially SP-B, affect the domain change significantly by increasing the line tension and dipole density difference, etc. \[[@bb0735]\] Future studies of the interactions between PM and lung surfactant in the presence of surfactant proteins will provide useful insights into a more complete understanding of the physiochemical interaction mechanisms.

Synthetic particles are utilized to validate the interaction mechanism because of their known chemical composition, which furthermore provides a guideline for nanotechnology safety. However, the influence of actual ambient PM could not be fully represented by synthetic particles, since the existence of other components in ambient PM interferes with the interaction. Studies on natural PM would give rise to more practical and environmentally relevant information. Meanwhile, the composition of PM varies with time and location, but the research about how different environmentally derived PM affects the phase behavior of lung surfactant is still lacking. In some literature, the concentrations of PM used are much higher than the actual exposure dose. Though this approach is convenient to obtain acute responses, the feasibility of the inference on the actual health effect should be noted.

The studies of PM-surfactant interaction are all performed on planar interfaces with the utilization of LB-trough and other imaging instruments. However, the curvature effect of spheric alveoli has been proved to impact the morphology and dynamics of the lung surfactant. Sachan *et al*. \[[@bb0720]\] found that when the radius of Survanta monolayer-covered bubbles decreased to 100 μm, which is comparable to the size of alveoli, the LC domains changed dramatically from dispersed circles to meshing stripes, separating the original continuous LE matrix to a discontinuous phase. This change comes from the anisotropic bending energy \[[@bb0705],[@bb0730]\]. This interfacial curvature effect on the monolayer also leads to changes in surfactant adsorption and the dilatational modulus \[[@bb0720]\]. The observation resulted from alveoli-sized curvature implies that future investigations of PM-surfactant interaction on curved interfaces could provide more practical information at alveolar dimensions. Instruments such as captive bubble surfactometer, pulsating bubble surfactometer and constrained drop surfactometer can be used to study on curved surfaces. Besides curvature effect, other factors such as temperature and rate of film oscillation also limit the physiological relevance of the *in vitro* studies on surfactant films. Constrained drop surfactometer can be used to investigate the surfactant activity and inhibition under physiologically relevant conditions \[[@bb0990],[@bb1245]\]. The surfactant films are constrained in a sessile drop, and the compression and expansion of the droplet are controlled at physiologically relevant rates. This technique has great potential to study PM-surfactant interactions at molecular level to provide insight into the physiochemical effects of PM.

The *in vitro* studies on PM-surfactant interactions provide physical evidence of how PM affects lung surfactant, implying the impairment on physiological properties of lung surfactant. However, the direct mechanisms of how PM induces pulmonary dysfunction physiologically are still unclear since the *in vivo* measurement of the changes in surfactant functions upon PM deposition is challenging. Riva *et al*. \[[@bb1250]\] conducted an *in vivo* experiment to investigate how lung mechanics changes upon low dose instillation of ambient PM. The elastic and viscoelastic components of lung mechanics were increased, indicating the impaired lung function. The authors attributed this mechanical alteration to the inflammation and oxidative stress caused by the penetration of PM into the alveolar regions. Further experimental evidence is needed to illustrate the correlation between physiological responses and biophysical change.

Although the changes in the biophysical properties of modal or replica lung surfactant under the effect of engineered NPs and some environmental PM~2.5~ have been investigated, correlating *in vitro* studies with the *in vivo* systems still remains a challenge. Biological relevant surfactant models integrating natural surfactant components and monolayer, bilayer and multilayer structures are required to study the PM-surfactant interaction. A number of studies on PM and naturally derived surfactant have been conducted, as well as the investigations of PM on bilayer and multilayer structures. Future studies between PM and complex surfactant structures using techniques that can mimic physiological conditions are still needed. Moreover, the use of environmental PM~2.5~ in addition to engineered nanoparticles is beneficial to evaluating the actual effects of air pollutants. Though the biophysical *in vitro* studies provide a good implication of PM-induced health effects, the physiological studies directly related to the biophysical changes are still lacking. It is noted that nonequilibrium state may exist due to the relative humidity gradient in the alveolar space, giving rise to disparity in the composition and layered structures of lung surfactant at the interface. This thermodynamic condition should be considered when studying the structures of the multilayered films \[[@bb1255]\].

There is a big concern that even though the PM pollution is within the range of Environmental Protection Agency annual air quality standards, the long-term exposure still causes adverse health effects \[[@bb1220],[@bb1260]\]. This observation is an implication to governmental actions that appropriate and strict regulations should be complemented according to the discrepancies on different types of PM and chronic effects.
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[^1]: "i" represents hydrophilic and "o"represents hydrophobic

[^2]: Only one representative structure of each minor phospholipids PS, PE, and PI is illustrated.
